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JOCJIIIKEHHSI KOHTAKTHOI 30HU OTPUMAHOI METOJIOM
EJIEKTPOICKPOBOI'O CHIKAHHS MIJTHUX ITOPOIIKIB IOKPUTHUX
0JIOBOM

Hana cmamms 30cepeddxcyemvcsi Ha po3podbyi ma awanizi mexwonoeii 3 €OHaHHs
MIOHUX KOHMAKmMié 3a OONOMO20I0 eNeKMPOICKPOBO2O CHIKAHHA MINC YUMU KOHMAKMAMU
NpoOWApKy MIOHUX NOPOWIKI6, W0 NOKpUMi MOHKUM npouiapkom onoea. Illposedeno
00CNIOJHCEHHSL HA PACmMposoM) eneKmpoHHoMy mikpockoni PEM-200 kowmaxmuoi 30HU
eKCnepuMenmanbrHux 3pasKieé AK NiCisa eleKmpoiCKpO8020 CNIKAHHA, MAK | NICISA MEPMIUYHO20
gionany 3paskie. Bcmanoeneno, wo xowmaxmwua 30HA RNICAsL e1eKMPOICKPOBO2O CHIKAHHS
Mmicmumb auwe npomiocHy ¢gazy Cu3Sn. Ilicia enekmpoickpo8o2o CHiKaHHA KOHMAKMHOL
30HU npoBedeHo mepMiuHUll 8i0Nan OOCHIOHUX 3pa3ki@  npomszom 15 200un 3a
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memnepamypu 220 epadycie ILlenvcis. Bcmanoeneno, wjo 6cepeduri KOHMAKMHOI 30HU
3pOCMaAc 4acmka nop HA OOUHUYIO NIOWI NOBEPXHI KOHMAKMHOI 30HU 3DA3Ki6, Xxoua
KOHMAKMHA 30HA MIdHC MIO0I0 | KOHMAKMHUM NPOULAPKOM MAE OOCMAMHbLO 0e3n0pucmy
0soxgasny cmpykmypy Cu/Cu3Sn.

Kiro4oBi cjioBa: elEeKTPOICKPOBE CHIKAaHHS, Milb, OJIOBO, PAacTpOBa EIEKTPOHHA
MIKPOCKOIisl, XIMiUYHE OCa[KESHHSI.

1. Beryn

[TopomkoBa MeTamypris Ta CHiKaHHS METAJIEBUX MOPOIIKIB 3aiiMalOTh BaXIIUBE Micle y
BUPOOHHUIITBI MIJHUX KOHTAaKTHUX 3’€JHaHb. Bubip Meroay CHiKaHHS 3HAYHOIO MipOIO
BIUIMBAE€ Ha SKICTh Ta HAJIHHICTb KOHTAKTHOI 30HHM. Y KOHTEKCTI BUPOOHHMIITBA MiTHUX
KOHTAaKTIB, OCOOJMBO BaXJIMBO PO3IJISHYTH I€peBard eJIeKTPOICKPOBOIO CIIKAHHA Y
HOPIBHSHHI 3 TPAAUIIHHUMHU METOIaMH TeMIlepaTypHoro crikanus[1,3].

TpaauuiliHe TeMnepaTypHe CHIKaHHS MiJHUX MOPOUIKIB YaCTO CYNPOBOIXKYETHCS PAAOM
TEXHOJIOTIYHHUX TPYAHOILIB, 0COOIMBO MpH BUCOKUX Temmeparypax. I1ix gac mporo npomecy
MOXYTh BHHHUKATH MPOOJIEMH 3 OKHCJICHHSM TOBEPXOHb METAJIIB, 1[0 HETATHBHO BILIMBAE HA
CIICKTPOIPOBIHICTh 1 MEXaHIYHy MIIHICTh MigHUX KoHTakTiB[4]. Kpim Toro, BHCOKI
TEMIIEpaTypy COPUSIOTH POCTY 3€PEH Y MICIIX 3’ €HAHb, III0 MOXE MPU3BECTH 10 YTBOPEHHS
MyCTOT Ta HEOJHOPITHOCTI Y CTPYKTYpi, 3HMKYIOUM TAaKUM YHWHOM SIKICTb Ta JIOBIOBIYHICTh
3'e¢1HAHb.

HaTtomicTb, eleKTpoiCKpoBe CIiKaHHS Bupillye Oarato 3 Iux mpooOieM. Bukopucranus
€JIEKTPUYHOTO PO3pPSLy AJIS CIIKAHHS MOPOIIKOBUX YACTMHOK Miji JI03BOJISE JIOKaJi3yBaTH
001acTh HArpiBy Ta 3MEHIIUTH Yac CHiKaHHS, II0 € KPUTHYHO BKIMBHUM JIs1 3a0€3MeUCHHS
OJIHOPIJTHOCTI Ta SIKOCTI KOHTAKTHOI 30HU. Takuil miaxia TakoX MIHIMI3Y€ PU3HK OKUCICHHS
MiJIl Ta JI03BOJISIE YHUKHYTH HeOakaHoro pocty ¢a3, SKAd € XapakTepHUM IS
BHUCOKOTEMIIEPATYPHOTO crikaHHs[5,6].

3Ba)kalouM Ha 11 OCOOJMBOCTI, €JIEKTPOICKPOBE CHIKAHHS CTa€ OUIBII TEXHOJOTIYHO
npuBabIMBUM BHOOPOM Ul BUTOTOBJICHHS MIJHMX KOHTakTiB. lleli merox He uuiie
HiBUIY€ MEXaHIYHy MIIHICTh 3'€lHaHb, ajie i 3a0e3meuye BHCOKY SKICTh MOBEpPXHI, L0 €
BOXJIUBUM [UIl KOHTAaKTIB, SIKI BHUKOPHCTOBYIOTHCS Y BHCOKOUYTJIMBUX €JIEKTPUYHHX Ta
CNIEKTPOHHUX MPHUCTPOsIX[7].

3BUYaliHE CIIKaHHS CyMINIl MOPOMIKIB MiJl Ta OJOBAa MAa€ CBOi CKJIAJHOINI, MOB'SI3aHI 3
PI3HMMHU TeMIepaTypaMu IUIaBJIEHHS IUX MeTaliB. Lle Moxke mpu3BecTH 10 HEPIBHOMIPHOIO
CIIKAaHHSA, YTBOPEHHS IYyCTOT Yy CTPYKTYpl 3'€THaHHS, 3HM)KEHHS MIIIHOCTI Ta HaIliHOCTI.
Heonnopiguuili po3monia MOPOHIKIB y CyMillll TaKOXX MOXKE BIUIMHYTH Ha €JIEKTPUYHI Ta
MeXaHI4H1 BJIaCTUBOCTI 3'€/IHaHb.

B Toii e yac, 3acTOCyBaHHSI MOPOIIMHOK MiJli, IO MOKPUTI TOHKUM IPOIIAPKOM OJIOBA,
BU3HAYa€ psifl MepeBar, BUPILIYIOUN OUTBLIICTH 3 IUX MpoOieM. [ToKpUTTS MiTHUX YaCTHMHOK
TOHKMM TIPOILIApKOM OJIOBa 3a0e3leuye OJHOpPiJHE MOKPUTTS, L0 JOIOMara€ YHUKHYTH
npobiieM, sKi MOXYTh BHHMKATH i Yac CIIKaHHS YUCTO MIJHUX MOPOIIKIB abo CyMilli
MIJTHUAX Ta OJIOB’STHUX MOpOIIKiB. OJI0OBO, 110 i€ 5K 3B'S3yI0UNI areHT, CIPUsIE PIBHOMIPHOMY
PO3MOJLTY Teryia 1 MIHIMI3Y€ PU3HK YTBOPEHHS IyCTOT, MOKPAIIYIOUU MIIHICTh 1 HAIHHICTh
3'enHaHHsA[8].
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[Tix yac mporecy CHiKaHHS MiJHUX HOPOUIMHOK, IO IMOKPUTI OJIOBOM, YTBOPIOETHCS
OinpIn ofHOpPiAHUI MeTaneBHil cruiaB. Lle 3a0e3medye kpaimly aare3ir0 MiXK 4aCTHHKaMH Ta
MIOKpAIIY€E eNIEKTPOIPOBIIHI BIACTHBOCTI MaTepiary. Takoxk BaKIMBO, IO MOKPUTTS OJIOBOM
3HI)KY€E PU3MK OKHCJICHHS MiJl MiJ 4Yac CITKaHHA, 30epiraroud ii 4MCTOTY Ta MPOBIAHI
Biactusocri[9,10].

TakuM YWUHOM, BHKOPHCTAHHS MIJHUX TIOPOIIMHOK, IO TIOKPUTI OJIOBOM, ISt
€JIEKTPOICKPOBOTO CITIKAHHS BIJIKPUBA€ HOBI MOKJIMBOCTI JUIsl TIJABHINEHHS SKOCTI Ta
Ha/IHHOCTI MiTHUX KOHTakTiB. Lleil MeTox He nmmie 3abe3nedye eQeKTHBHIIIE YIPaBIiHHS
IPOIIECOM CIIIKaHHSA, ajlé ¥ TapaHTye BUILY SKICTh KIHIEBOTO MPOAYKTY IOPIBHSIHO 3
TPAaIUIIHHUMHU METOJIAMH CIIKaHHS CyMillli TOPOIIKIB.

Ils crarts 30cepemKyeTbcs Ha PO3pOOIl Ta aHami3i TEXHOJOTIi 3’€IHAHHS MIiTHUX
KOHTAKTiB 3a JIOMIOMOTOI0 €JIEKTPOICKPOBOTO CIIKaHHS MIJHUX IMOPOIIKIB, 3 OCOOIUBUM
aKIICHTOM Ha BUKOPUCTaHHI MOPIIKIB Mifi, IO MOKPUTI TOHKUM MPOIIAPKOM OJIOBa, IS
JIOCSITHEHHS ONTHMAJIbHUX XapaKTePUCTHK MIKKOHTAKTHOTO 3’ €qHanHs[11].

2. Onuc ekcnepuMeHTY Ta METOIB 10CTi/IKEeHHSA

Jist mpoBeeHHS €KCIIEPUMEHTY 0 €JIEKTPOICKPOBOMY 3'€THAHHIO MiJHHX KOHTAKTIB
3a JIOTIOMOTOI0 MOJM(IKOBAHOTO OJIOBOM IOPOIIKY Miji, OyJiM MOMepeIHbO IiIroTOBIICHI
MiHI TUTaCTUHU po3MipoMm 5*5 mm Ta 3*3 MM Bignosiano. I[lpomec mumidyBaHHS 1
HOJIpYBaHHS MIJHUX IUIACTUHOK IPOXOJMB B JEKUIbKa eTamiB. byjlo BHKOpHCTaHO
nutidpyBansHi kpyru P180-P2400. Ilicis koxkHOTO eTamy MOJipyBaHHS 3pa3KH MifIaBalluCh
OUMILEHHIO B YJIbTPa3BYyKOBIM BaHHi. /{7 BUIOTOBJIEHHS IOKPUTOIO OJIOBOM MiJIHOTO
MOPOUIKY, OyJI0 BUKOPUCTAHO MiJHUN MOPOIIOK Po3MipoM 50 MKM Ta PO3YHH ISl XIMiYHOTO
OCa/KEeHHsI 0JioBa. Moar(iKoBaHUI 0JIOBOM MiTHUM MOPOIIOK OyB OTPUMaHUN METOIOM, 1110
omnucanwuii B [12].

Jns oTpuMaHHS MiTHUX KOHTAaKTHHX 3’€IHaHb 3a JOMOMOTOIO EJIEKTPOiCKPOBOTO
CHIKaHHS MIJHUX TIOPOIIKIB BHKOPHUCTOBYBAJIACh YCTAHOBKA JJISi KOHTAaKTHO—TOYKOBOTO
3BaproBaHHs TKC-1300. B mporeci eneKkTpoiCKpoBOro CHiKaHHS HOMIHAJIbHI 3HAY€HHS
Hanpyru 1 cuim ctpyMy Oynu HactynHi: I= 1300A, U= 2B. Jlocniani ceHaBIUnoaAiOH1 3pa3ku
Oynu cdopMoBaHI HACTyMHMM 4YHHOM: HHW)KHS IIJJacTUHa Oyna po3mipoM 5*5 MM,
HEMPOBIIHUH 130/1ATOp-MacKa 3 TOBIIMHOIO 250 MKM Ta OTBOPOM 3 JIIaMETPOM 2 MM, BEpXHs
MiJHa IJIacTMHa po3MipoM 3*3 MM. MiK mNjacTMHaMH B OTBOpI 130J5TOpa METOAOM
PIBHOMIPHOTO 3allOBHEHHS PO3MIIIYBaBCS MPOLIAPOK MIJHOIO IMOPOIIOKY, IO TMOKPUTHM
0JIOBOM TOBUIMHOK J10 2 MKM. [301sTOp-Macka OyB BUKOPUCTaHHMM JUIsl TOTO, II00 CTPyM
MPOXOJUB caMe uepe3 MiJHI MJIACTUHKU 1 MOAM(IKOBAaHUN MOPOILIOK y BHM3HAYEHIH 30HI
crikanHs (auB. Puc.1).
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YcTaHoBKa CIICKTPO-KOHTAKTHOI'O 3BapKOBAHHA I

Puc. 1. CxematuuHe 300pakeHHs €JEKTPOICKPOBOTO CIIKAaHHS

Fig. 1. Schematic representation of electric spark sintering

[Ipormec enekTpoiCKpOBOTO CHIKaHHS MIJHUX KOHTAKTiB BiIOyBaBCA 3a HACTyITHUM
AITOPUTMOM: 3pa3KH OyJIM 3aTUCHYTI 3 HE3HAYHUM 3YCHIIJISIM MIXK MPOBIIHUMHU €JI€KTPOJaMHU
MICIISL YOTO 3A1MCHIOBAIIOCH 5 KOPOTKOYACHHUX EJIEKTPOICKPOBUX IMIMYJBLCIB 13 HOMIHATaMHU
3Ha4YeHb, IO BKas3aHi Bume. Ilicns eIeKTpOiCKpOBOIO CIHIKaHHS OTPUMAHO JOCTaTHBO
MEXaHIYHO MII[HI KOHTAKTHI 30HU M MIJTHUMH INIACTUHKAMHU.

[Ticns  eneKTpOICKPOBOTO CIIKaHHS MPOBOAMIOCH TEPMIYHHM BIiAMal JOCTIIHHUX
3paskiB mpotarom 15 roaun 3a Temnepatypu 220 °C B atMocdepi aprony.

JlocniakeHHs: KOHTAKTHUX 30H €KCIIEPUMEHTAIbHUX 3pa3KiB MicHs eNeKTPOICKPOBOTO
CIIKaHHS Ta TICIAS TEPMIYHOTO BiJNay MPOBOAUIOCS HA PACTPOBOMY €IEKTPOHHOMY
mikpockori PEM-200 Tta 3aco0amu peHTreHIBCbKOi audpakToMeTpii 3 3acTOCYyBaHHSIM
mudpaxromerpa JJPOH 2.0. Anani3 cTpyKTypH KOHTAaKTHOI 30HHM, BU3HAUEHHS MOJIOKEHHS
MEX MPOILIAPKIB Ta HOP BUKOHYBAJIOCh HA OCHOBI pO3pOOJIECHOr0 MPOrpaMHOro 3a0e3MeueHHs.
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3. Pe3yJabTaTu A0CJTiI:KEeHHS] BUTOTOBJIEHHX 3pa3KiB
ExcrniepuMeHTanbHe MOCTIIKEHHS KOHTAKTHHX 30H ITICHS €JIEKTPOICKPOBOTO CITIKAHHS
3pa3KiB MPOBOJWIOCS Ha PacTPOBOMY elNeKTpoHHOMY Mikpockori PEM-200. 3Himku
pobuincs 3a pizHOro 30iunbmeHHs: 3a 30inbiIeHHs B 40 paziB (Puc. 2-3) Ta 3a 30UIblIEHHS B
400 pa3iB (Puc. 4).

BSE COMPO 30.00kV " x40.0 2mm | BSE COMPO 30.00kV " X400 Zmm
Puc. 2. CEM-300paxeHHsI AOCIIITHUX 3Pa3KiB MICIs eNEKTPOICKPOBOTO CITIKAaHHS.

Fig. 2. SEM-image of experimental samples after electric spark sintering.

JonaTtkoBo, m06 gociiautu npoiec (Ha3oyTBOPEHHS B KOHTAKTHIHM 30H1, 3pa3ku Oyio
3icTapeHo B aTMocdepi aprony mpotarom 15 roaus 3a temmneparypu 220 °C.

BSE COMPO ' im ll BSE COMPO 30.00kV " x40.0
Puc. 3. CEM-300paxeHHs JOCTIAHUX 3pa3KiB MiCJis TEPMIYHOTO BIAMATY MPOTAroM 15

royuH 3a Temneparypu 220 °C.
Fig. 3. SEM-image of the experimental samples after thermal annealing for 15 hours
at 220 0C.
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30.00kV x400
a §
Puc. 4. CEM-300pakeHHs] KOHTAaKTHOI 30HU JOCIITHUX 3pa3KiB Mics

€JIEKTPOICKPOBOTO CITIKaHHA (@) Ta Mmiciis TepMidHOro Bignany (6)
Fig. 4. SEM images of the contact zone of the experimental samples after electric
spark sintering (a) and after thermal annealing (6)

[IpoBeneno ananis CEM 300pa’keHb KOHTAKTHMX 30H MDK MIJIHUMHU KOHTaKTaMH.
AHaizyBalnuch 300paKeHHSI KOHTAKTHHUX 30H TICIS €JIEKTPOICKPOBOTO CITIKAHHS Ta IiCIsA
tepMiyHoro Bianaxy. CEM-300paxkeHHst Oyiu monepenHbo oOpoOsieHl TaKUM YHMHOM, 11100
MICTUTH JIMIIE €JIEMEHTH KOHTAaKTHOI 30HHW. CTaTHCTUYHHWM aHalli3 BKIIOYAE MiAPaXyHOK
IUIOILI TOP BiAHOCHO 3arajibHOi IUIOLII KOHTAKTHOI 30HH, aHajli3 YacTKH MOp B KOHTAaKTHIH
30Hi. s aHamizy mopucrocTi Oyjia BUKOpUCTaHa po3po0iieHa mporpama 3 BUKOPHUCTaHHSIM
MOJIyJIsl KOMII FOTEpHOro aHani3y 300paxkenb OpenCV, a came, o0ropTka 1ib0ro MOAYJs JJis
moBHu mporpamyBanHs Python CV2. CEM-300pakxeHHsI KOHTaKTHOI 30HH KOHBEPTYBAJIKCH B
300paXeHHs 3 TpajalisiMH CIporo 3 BIAMOBIJHOI MOOYJOBOIO TiCTOTPaMU PO3MOILTY
rpajarmiii ciporo koisopy it kKoxHoro CEM-300paxkenHs. 3 OTpUMaHOI TicTorpamMu OyJio
BU3HAYEHO MEX1 KOJIPHOTO Jliala3oHy, 110 BiAMNOBIAA€ €JIeMEHTaM MYCTOTH Ha 300pakKeHHSX
10 JOCITiJDKYBAITUCH.

BuxopucroByroun BOYJOBaHUIl alropuT™M MHOLIYKY KOHTYpiB Ta (ineTp 'abopa s
TEKCTYPHOI CeTMeHTallii 300pakeHb OyJI0 BHOKPEMIICHO 30HH ITOPUCTOCTI Ha 300pakeHHSX 3a
aITOPUTMOM, 1110 onucanuii B[13].

BoynoBanuii Meton monryky KoHTYpiB 0i6mioTekn OpenCV [14] no3Boisie 3HaAXOIUTH
KOHTYpPH Ta BU3HAYATH iX MJIONLY. 3@ KUIBKICTIO KOHTYPiB HEHYJIbOBOI IO OyJI0 BU3HAYEHO
KOHIICHTPAIIII0 TIOp B KOHTAKTHOMY iHTepdeiici, a 3a CyMapHOIO IUIOIIEIO — CITiBBiTHOMICHHS
TUTOIII TIOP IO 3arajibHOI TUIOIII TOPHCTOI KOHTAKTHOT 30HHU.

B tabnuui 1. MicTATBCS BiIOMOCTI PO pe3yibTaTH aHaji3y 300pa)KeHb J10 Ta Micist
Binqnany. Pesynpratm aHamizy 300pakeHb MOKA3ykOTh, MO [0 BiANANy IMTyCTOTH OULIBII
JIOKaJi30BaHI Ta MalOTh 3HAYHO MEHIIY KOHIIEHTPAIl0 B KOHTAKTHIA 30HI MOPIBHSIHO 3
pe3yabTaTaMu MicIs BiAamy.

Tabmuis 1. Pe3ynbpTat aHasizy moprUCTOCTI KOHTAKTHOT 30HH TCIIS
€JIEKTPOICKPOBOTO CITIKaHHS Ta TEPMIYHOTO BiAMaIy.

Table. 1 Results of porosity analysis of the contact zone after electric spark sintering
and thermal annealing.

Biacorok mmomi myctor B | CepenHs KUIBKICTh IyCTOT B
00’emi KOHTAKTHOI ~ 30HHU | 00’€Mi KOHTAaKTHOI 30HU 3pa3KiB
3paskiB, %
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IMicis 0,48 150
EJIEKTPOICKPOBOIO

CITIKaHHS

[Ticns Bimmamy 0,71 860

Takox oTpumani 3pa3ku Oymm gociipkeHi Ha peHtreHomudpakromerpi JJPOH y
monoxpomarnyHoMy FeKo-BunpomintoBanni. [Iudpakrorpamu eranoniB ¢asu e-CusSn
Opanucek 3 06a3u ganux International Committee of Diffraction Database [15].

Jocninnuii 3pazok miciist Bignainy
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Puc. 5. ludpaxkrorpama KOHTaKTHOI 30HU JOCIIIHUX 3Pa3KiB MICIS BIAMATY.
Fig. 5. Diffractogram of the contact zone of the test samples after annealing.

SxicHuii ananiz audpaxTorpam, 306paxkeHHs Puc. 5, 103Bossie 3poOUTH BUCHOBOK, IIIO B
30HI KOHTaKTy MICJIS TEPMIYHOTO Biamanmy npucyTHs ¢aza e-CusSn. Ha CEM-300paxeHsx
KOHTaKTHO1 30HU J0ciagHuX 3pa3kiB (Puc. 4.) 13 rpagaiii BiITIHKIB CipOTO BHIHO, IO B MICIIi
crnaiiku icHye mpornapok jaBodasHoi 3o0au Cu Ta CusSn 3 MOPUCTICTIO, MO HE BiAPi3HAETHCS
BiJl 00’ €MHOI.

4. BucCHOBKH
B poboti mnms ontumizaiii TexHONOTIi 3’€IHAHHS MIJHUX KOHTAKTIB 3aCTOCOBAaHO
METO/ €JIEKTPOICKPOBOI0 CHIKaHHS MK ITUMHU KOHTAKTaMH MPOIIAPKIB MITHUX MMOPOIIKIB, 1110
MOKPUTI TOHKUM MPOILIAPKOM 0JIOBA.
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[Ipoenenuii ananiz CEM 300pakeHb KOHTAKTHUX 30H €KCIIEPUMEHTAIBHUX 3pPa3KiB
HiCJIs €JIEKTPOICKPOBOIO CIIKaHHS Ta MICIs TEPMIYHOTO Bignany 3pa3KiB mpoTsarom 15 rogaux
3a Ttemmepatypu 220 rpanyciB Ilenscis B armocdepi aprony. B pesynbTati
TU(HPaKTOMETPUYHUX JTOCHIKEHb JOCHIIHUX 3pa3KiB BCTAHOBJICHO, IO KOHTAKTHI 30HU
MICIISL €JIEKTPOICKPOBOTO CITIKAHHS MICTATHh Jmiie mnpoMibkHy (a3zy Cu3Sn. BcranoBieHno
TaKO’, IO BCEPEIUHI KOHTAKTHOI 30HH iICHY€E JOCTaTHHO OIHOPITHHUM PO3IMOJLT IO, YacTKa
SAKUX 3pocTae micis audys3idHoro Biamamy. Mae Miclie TakoX IMPOIec Mepepo3noaiay Mop
miciis [udy31HHOTO BiAmaty, BEJIMKI KOHITIOMEPATH MOp MOIPiOHIOIOTHCS, OAHAK IPOCTOPOBO
MOPH CTAIOTh OUTBII PIBHOMIPHO PO3MOIIIEHUMH.

Cnmcoxk BUKOPHCTAHOI JiTepaTypu:

1. Rogeon P. Characterization of electrical contact conditions in spot welding assemblies
/ P. Rogeon, P. Carre, J. Costa, G. Sibilia, G. Saindrenan // Journal of Materials
Processing Technology. — 2008. —Vol. 195, No. 1-3. — P. 117-124.— Pexxum gocTymy:
https://doi.org/10.1016/j.jmatprotec.2007.04.127

2. Walker I. R. Spot welder for making small electrical contacts / I. R. Walker, C. J.
Moss // Review of scientific instruments. — 1998. — Vol. 69, No. 7. — P. 2747-2756.—
Pexum noctymy: https://doi.org/10.1063/1.1149010

3. Babu S. S. Empirical model of effects of pressure and temperature on electrical
contact resistance of metals. Science and technology of welding and joining / S. S.
Babu, M. L. Santella, Z. Feng, B. W. Riemer, J. W. Cohron // Science and technology
of welding and joining. — 2001. — Vol. 6, No. 3. — P. 126-132. — Pexxum goctymy:
http://dx.doi.org/10.1179/136217101101538631

4. Chang B. H. Comparative study of small scale and'large scale'resistance spot welding /
B. H. Chang, M. V. Li, Y. Zhou // Science and technology of welding and joining. —
2001. - Vol 6, No5. - P. 273-280. - Pexum  goctymy:
https://www.researchgate.net/profile/Yixiang-Zhou-
/publication/233709906_Comparative study of small scale and 'large_scale' resista
nce_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-
scale-and-large-scale-resistance-spot-welding.pdf

5. Wei P. S. Electrical contact resistance effect on resistance spot welding / P. S. Wei, T.
H. Wu // International journal of heat and mass transfer. — 2012. — Vol. 55, No. 11-12.
— P. 3316-3324. — Pexum JOCTyTY:
https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040

6. Walker I. R. Further considerations on the preparation of small electrical contacts by
spot welding / I. R. Walker, C. J. Moss // Review of Scientific Instruments. — 2000. —
Vol. 71, No. 5. —P. 2228-2232. — Pexxum mocrymy: https://doi.org/10.1063/1.1150611

7. Feulvarch E. Resistance spot welding simulation: a general finite element formulation
of electrothermal contact conditions / E. Feulvarch, V. Robin, J. M. Bergheau //
Journal of Materials Processing Technology. — 2004. — No. 153. —P. 436-441.— Pexxum
noctymy: https://doi.org/10.1063/1.1150611

10


https://doi.org/10.1016/j.jmatprotec.2007.04.127
https://doi.org/10.1063/1.1149010
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-%20/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040
https://doi.org/10.1063/1.1150611
https://doi.org/10.1063/1.1150611

Cepist «®Di3uKo-MaTeMaTH4Hi HayKm», 2023

10.

11.

12.

13.

14.

15.

Wang S. C. Modeling dynamic electrical resistance during resistance spot welding / S.
C. Wang, P. S. Wei // J. Heat Transfer. — 2001. — Vol. 123, No. 3. —P. 576-585. —
Pexxum noctymy: https://doi.org/10.1115/1.1370502

Na S. J. A theoretical study on electrical and thermal response in resistance spot
welding / S. J. Na, S. W. Park // Welding Journal-Including Welding Research
Supplement. — 1996. — Vol. 75, No. 8. — P. 233-242. — Pexxwum nocrymy: https://s3.us-
east-1.amazonaws.com/WJ-www.aws.org/supplement/WJ 1996 08 _s233.pdf

Zhang X. Effect of electrical load on contact welding failure of silver tin oxide
material used in DC electromechanical relays / X. Zhang, W. Ren, Z. Zheng, S Wang
I/l |IEEE Access. — 2019. — No. 7. — P. 133079-133089. — Pexum nocrymy:
https://doi.org/10.1109/ACCESS.2019.2940966

Neuhaus A. R. Influence of electrical and mechanical parameters on contact welding
in low power switches / A. R. Neuhaus, W. F. Rieder, M. Hammerschmidt // IEEE
Transactions on components and packaging technologies. — 2004. — Vol. 27, No. 1. —
P. 4-11. — Pexxum noctymy: https://doi.org/10.1109/TCAPT.2004.825777

Hikonenko 0. B. BrmuB ynbTpa3ByKy Ha mpolec XiMiYHOTO OCa/DKEHHS OJIOBAa Ha
miganii mopomok / FO. B. Hikonenko, B. B. Mopozosuy, 0. O. Jlsmenko // BicHuk
UYepkacwkoro yniBepcurety. Cepist: «Dizuko-marematnuni Haykm» — 2021, Nel. — C.
90-99. Pexxum nocrtymy: https://doi.org/10.31651/2076-5851-2021-90-99
Nurhadiyatna A. Gabor filtering for feature extraction in real time vehicle
classification system / A. Nurhadiyatna, A. L. Latifah, D. Fryantoni // In 2015 9th
International Symposium on Image and Signal Processing and Analysis (ISPA). —
2015. — P. 19-24. — Pexxum noctymy: https://doi.org/10.1109/ISPA.2015.7306026

Xie G. Image edge detection based on opencv / G. Xie, W. Lu // International Journal
of Electronics and Electrical Engineering. — 2013. — Vol. 1, No. 2. — P/ 104-106. —
Pexum JOCTyIy:
https://www.ijeee.net/uploadfile/2013/0702/20130702104409134.pdf

International Centre for Diffraction Data (ICDD), 12 Campus Blvd., Newtown Square,
PA 19073-3273 U.S.A., 2011.

References:

Rogeon, P., Carre, P., Costa, J., Sibilia, G., & Saindrenan, G. (2008). Characterization
of electrical contact conditions in spot welding assemblies. Journal of Materials
Processing Technology, 195(1-3), 117-124. Retrieved from
https://doi.org/10.1016/j.jmatprotec.2007.04.127

Walker, I. R., & Moss, C. J. (1998). Spot welder for making small electrical contacts.
Review of scientific instruments, 69(7), 2747-2756. Retrieved from
https://doi.org/10.1063/1.1149010

Babu, S. S., Santella, M. L., Feng, Z., Riemer, B. W., & Cohron, J. W. (2001).
Empirical model of effects of pressure and temperature on electrical contact resistance

11


https://doi.org/10.1115/1.1370502
https://doi.org/10.1109/ACCESS.2019.2940966
https://doi.org/10.1109/TCAPT.2004.825777
https://doi.org/10.31651/2076-5851-2021-90-99
https://www.ijeee.net/uploadfile/2013/0702/20130702104409134.pdf
https://doi.org/10.1016/j.jmatprotec.2007.04.127
https://doi.org/10.1063/1.1149010

ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcureTy. Bumyck Nel. 2023

10.

11.

12.

13.

of metals. Science and technology of welding and joining, 6(3), 126-132. Retrieved
from http://dx.doi.org/10.1179/136217101101538631

Chang, B. H., Li, M. V., & Zhou, Y. (2001). Comparative study of small scale
and'large scale'resistance spot welding. Science and technology of welding and
joining, 6(5), 273-280. Retrieved from https://www.researchgate.net/profile/Yixiang-
Zhou-

2/publication/233709906_Comparative study of small_scale_and_'large_scale'_resis
tance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-
scale-and-large-scale-resistance-spot-welding.pdf

Wei, P. S., & Wu, T. H. (2012). Electrical contact resistance effect on resistance spot
welding. International journal of heat and mass transfer, 55(11-12), 3316-3324.
Retrieved from https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040

Walker, I. R., & Moss, C. J. (2000). Further considerations on the preparation of small
electrical contacts by spot welding. Review of Scientific Instruments, 71(5), 2228-
2232. Retrieved from https://doi.org/10.1063/1.1150611

Feulvarch, E., Robin, V., & Bergheau, J. M. (2004). Resistance spot welding
simulation: a general finite element formulation of electrothermal contact conditions.
Journal of Materials Processing Technology, 153, 436-441. Retrieved from
https://doi.org/10.1063/1.1150611

Wang, S. C., & Wei, P. S. (2001). Modeling dynamic electrical resistance during
resistance spot welding. J. Heat Transfer, 123(3), 576-585. Retrieved from
https://doi.org/10.1115/1.1370502

Na, S. J., & Park, S. W. (1996). A theoretical study on electrical and thermal response
in resistance spot welding. Welding Journal-Including Welding Research Supplement,
75(8), 233-242. Retrieved from  https://s3.us-east-1.amazonaws.com/WJ-
www.aws.org/supplement/WJ_1996_08_s233.pdf

Zhang, X., Ren, W., Zheng, Z., & Wang, S. (2019). Effect of electrical load on contact
welding failure of silver tin oxide material used in DC electromechanical relays. IEEE
Access, 7, 133079-1330809. Retrieved from
https://doi.org/10.1109/ACCESS.2019.2940966

Neuhaus, A. R., Rieder, W. F., & Hammerschmidt, M. (2004). Influence of electrical
and mechanical parameters on contact welding in low power switches. IEEE
Transactions on components and packaging technologies, 27(1), 4-11. Retrieved from
https://doi.org/10.1109/TCAPT.2004.825777

Nikolenko, Yu. V., Morozovych, V. V., Lyashenko Yu. O. (2021). Effect of
ultrasound on the process of chemical deposition of tin on copper powder. Visnyk
Cherkaskoho Universytetu. Seriia «Fizyko-Matematychni Nauky» (Bulletin of
Cherkasy University. Series "Physics and Mathematics™), (1), 90-99. Retrieved from
https://doi.org/10.31651/2076-5851-2021-90-99

Nurhadiyatna, A., Latifah, A. L., & Fryantoni, D. (2015, September). Gabor filtering
for feature extraction in real time vehicle classification system. In 2015 9th
International Symposium on Image and Signal Processing and Analysis (ISPA) (pp.
19-24). IEEE. Retrieved from https://doi.org/10.1109/ISPA.2015.7306026

12


https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://www.researchgate.net/profile/Yixiang-Zhou-2/publication/233709906_Comparative_study_of_small_scale_and_'large_scale'_resistance_spot_welding/links/5db2ffe84585155e270104a5/Comparative-study-of-small-scale-and-large-scale-resistance-spot-welding.pdf
https://doi.org/10.1016/j.ijheatmasstransfer.2012.01.040
https://doi.org/10.1063/1.1150611
https://doi.org/10.1063/1.1150611
https://doi.org/10.1115/1.1370502
https://doi.org/10.1109/ACCESS.2019.2940966
https://doi.org/10.1109/TCAPT.2004.825777
https://doi.org/10.31651/2076-5851-2021-90-99

Cepist «®Di3uKo-MaTeMaTH4Hi HayKm», 2023

14. Xie, G., & Lu, W. (2013). Image edge detection based on opencv. International
Journal of Electronics and Electrical Engineering, 1(2), 104-106. Retrieved from
https://www.ijeee.net/uploadfile/2013/0702/20130702104409134.pdf

15. International Centre for Diffraction Data (ICDD), 12 Campus Blvd., Newtown Square,
PA 19073-3273 U.S.A., 2011.

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

A. R. Honda
PhD-student,
Educational-Scientific Institute of Informational and Eduational Technologies
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine
andriy.gonda@vu.cdu.edu.ua

Yu. O. Lyashenko
doctor of physical and mathematical sciences, professor,
Educational-Scientific Institute of Informational and Eduational Technologies
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
lyashenko.yurij@gmail.com

STUDY OF THE CONTACT ZONE OBTAINED BY ELECTROSPARK
SINTERING OF COPPER POWDERS COATED WITH TIN

Powder metallurgy and the sintering of metal powders play an important role
in the production of copper contacts. However, the choice of sintering method has a
significant impact on the quality and reliability of the contact zone. In the context of
copper contact production, it is particularly important to consider the advantages of
electrospark sintering compared to traditional temperature sintering methods.

This article focuses on the development and analysis of a technology for
joining copper contacts using electrospark sintering of copper powders coated with a
thin tin layer to achieve optimal interconnect characteristics. In this article, the contact
zone of the experimental samples after electric spark sintering and thermal annealing
was studied using a scanning electron microscope REM-200.

From the results of the analysis of pore formation in the contact zone, it can be
said that after thermal annealing, the concentration of voids per unit surface area of the
contact zone of the sample increases significantly. There is a process of pore
redistribution, large conglomerates of pores are crushed, but the pores are more evenly
distributed spatially.
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The analysis of diffractograms and SEM-images allows us to conclude that a
two-phase zone of Cu and Cu3Sn is formed in the contact zone of the test samples.

Keywords: electric spark sintering, copper, tin, scanning electron microscopy,
chemical deposition.
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KOPEJISAII MIK KIHETUKOIO CTPYKTYPHUX ITIEPETBOPEHbD I ®I3UKO-
XIMIYHUMMU XAPAKTEPUCTUKAMU CYCIEH3II ITPU
I'APOMEXAHIYHOMY CUHTE3I HAHOIIOSCIB IEHTAOKCUAY BAHAAIIO

Cyuacnuili po36umox HAyKu ma MexHiKu Cmaeumsv HOGI SUKIUKU YV cepi cunmesy iU
xapaxkmepuszayii HaHomamepianie, wo nompedye KOMNIEKCHO20 Ni0Xody ma 21ubOoK020
PO3VMIHHA 0cobauBocmell Pi3uKo-XiMiyHUX 83aemooiu y cucmemi. QOOHUM i3 NepCneKMUBHUX
Memooi6  OMpPUMAHHA HAHOCMPYKMYP € 2IOpOMeXaHiuHuil CcuHme3, KUl 003801A€
KOHMPONIO8AmMu KIHemuKy cmpyKmypHUx nepemeopeHv 3d pPaxyHOoK 6Naugy (hizuKo-XiMiuHux
Xapaxkmepucmuk — peaxyitiHozo cepedosuwia y npoyeci cunmeszy. YV  OdocnioxcenHi
NPOAHANi308AHO KOpeNAYil Midc KIHeMUKow CMpPYKMYPHUX NepemeopeHb ma @i3uKo-
XIMIYHUMU 81ACMUBOCIAMU CYCNEH3Il V npoyeci 2i0OpoOMexaniyHo2o CUHme3y HAHONOACI8
neumaokcudy eanaodito (V20s). Cunme3 nposoouecs i3 3acmocy8aHHAM aA8MOPCbKO20
001a0HanHs, WO 3abe3neuy8ano MOYHUL KOHMPOIbL memMnepamypu ma iHmeHCUGHOCMI
nepemiwtyeanus. Ompumani HAHOCMPYKMYPU XAPAKMEPUSYIOMbCS cepeoHimu posmipamu 2,3
MKM Y Oo6dcuny ma 42,6 wm y wupury. Ixuiti ananiz 30iticneno 3a 0onomoz20t0 memoois
PaAcmposoi eleKmpoHHOI MIKPOCKONIT ma peHmeeHi8CbKoi Oughpakxmomempii.

3minu  6o0nesoco nokasnuxa (pH) i 6’saskocmi posuuny Kopeniowomv 3 emanamu
GopmysanHs HAHONOACIB, WO 00380IA€ BUKOPUCMOBY8AMU Yi napamempu K IHOUKAmopu
nepebicy npoyecy. Inmencuene mexamiune nepemiuly8aHHs CYMMEBO NPUCKOPIOE picm
BUO0BIHCEHUX HAHOCMPYKMYP 34 PAXYHOK NOPYUIeHHS XIMIYHOI pieHOB8AcU 8 pearyilHil
cucmemi, w0 akmugye auizomponHe 3pocmanus kpucmanie. NaCl eidiepac poib
Kamanizamopa, CKopouyyouu mpusanicms cunmesy. 3MiHU 8600HE8020 NOKAZHUKA, 8 SA3KOCMI i
KOJIbOPY PO3UUHY NI0 Yac peakyii 00360110Mb ONEPAmMueHo OyiHweamu nepedic npoyecy
cunmesy. Ompumani pe3yibmamu Mawomes 8aXcIUGe 3HAYeHHs 018 NOOANbUWOI onmumizayii
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2IOPOMEXAHIYHUX MemOoOi8 CUHmMe3y HAHOMAmepianié 3 3a0aHUMU XAPAKMEPUCTNIUKAMU ma
Macumabysants npoyecy O0Jisk NPOMUCIO8020 8UPOOHUYMEA.

KirouoBi cjioBa: okcuIyd MeTamiB, MEHTAOKCHJ BaHAJII0, T1APOMEXaHIYHUN CHHTE3,
HAHOIIOSACH, BOMHEBHII ITOKA3HUK.

1. Beryn

IIpoTsiroM OCTaHHBOIO JAECATHIITTS JAOCHIIPKEHHS OJHOBHUMIPHHUX HAaHOCTPYKTYP,
30KpeMa HAHOMOSACIB, HAHOJPOTIB, HAHOTPYOOK 1 HAHONPOBITHHKIB, CTaJO0 OJHUM i3
KIIFOYOBUX HampsAMiB cydacHoi Hayku. lle 3yMOBJIEHO iXHIMH YHIKQIbHUMH (Hi3HIHUMH
BJIACTUBOCTSAIMH Ta LIMPOKHUMH TEPCIEKTUBAMH 3aCTOCYBaHHS B HAHOEJEKTPOHIIl Ta
onToeNeKTpoHili [4]. [HTEHCHBHHMI pO3BUTOK METOMIB CHHTE3Y CIIPUSB CTBOPEHHIO
HAHOCTPYKTYP i3 pI3HOMaHITHOIO MOP(OJIOTI€I0 Ta CKIAZO0M, IO BiJIKPUBAE HOBI MOXKIIMBOCTI1
JUIs IXHBOTO ITPAKTUYHOI'O BUKOPUCTAHHS.

Oco0nuBy yBary mpUBEPTAIOTh CTPIYKOMONIOHI HAHOMOSICH, OTPUMaHI METOJIOM
TiAPOMEXaHIYHOTO CHHTE3Y 3 BHUKOPUCTAaHHSIM BOJHHMX CYCIHEH31 MOPOLIKIB BUXIAHOT
pEeUOBHHH. BaXkinMBHM acrieKTOM IIBOTO MPOIECY € BCTAHOBJICHHS KOPEISIii MiXkK KiHETHKOIO
CTPYKTYpPHUX  TIEpeTBOpeHb Ta  (I3UKO-XIMIYHUMH  XapaKTEpPUCTUKAMHM  CYCHEH3I.
JlocmipkeHHsT  TakMX ~ B3a€MO3B’SI3KIB  CHOPUATHME  MOJAIBIIOMY  BIOCKOHAJICHHIO
TiApOMEeXaHIYHUX METO/IIB CHHTE3Y Ta ONTHUMi3allil mapaMeTpiB MPOLECy 3 METOI OTPUMaHHS
HAaHOCTPYKTYp 13 MOKpAaIIEeHUMH XapakTepuctukamu. llle ogHMM BaXJIMBUM aCIEKTOM
JOCIIJDKEHHSI € PpO3IIMPEHHS CIEeKTpa OKCUIIB, IO MOXYTh OyTH BHMKOPHCTaHI JUis
(dopMyBaHHS CTPIYKOMOMIOHUX HAHOCTPYKTYp. JOTPUMYIOUHMCH 3arajbHOTO MiIXOAY, KU
0a3yeThCsl HA BUNIApOBYBAaHHI IMOPOILIKIB METAJIEBUX OKCHU/IB 32 BUCOKUX TEMIIEpaTyp, MOKHA
JOCTIUTH CHHTE3 HAHOCTPYKTYpP HA OCHOBI OKCHJIIB IIMHKY, OJIOBA, 1HIII0, KAJIMIIO Ta Taiio
[5]. PosmupenHs wMatepiasibHOoi 0a3M  J03BOJslE€ BH3HAYUTH HOBI MOJKJIMBOCTI  JUIS
3aCTOCYBaHHS TaKUX HAHOCTPYKTYP y PI3HOMAaHITHHX EJEKTPOHHHX Ta OINTOEIEKTPOHHUX
npuctposix [6]. OxpiM TOro, BaXJIMBUM € JOCHIUKEHHS IONEPEYHOro mepepisy
CTPIYKONONIOHUX HAHOCTPYKTYpP, SIKUI CYTTEBO BIJIPI3HAETHCA BIJ paHIIIE BHBUYEHUX
HaHOTPYOOK Ta HaHOJPOTIB. BUBUEHHS 1IbOTO MapaMeTpa € KPUTUIHUM JUIsL PO3YMiHHA Horo
BIUIMBY Ha TPAHCIOPTHI SIBUIIa B HAHOMETPOBOMY MacmTadl. Y IbOMYy KOHTEKCTI
TiIPOTEpMIYHMIA METOJ Ma€ HU3KY YHIKaIbHUX IepeBar y (hopMyBaHHI HAHOCTPYKTYD,
OCKUIbKM JIO3BOJIIE KEPYBATH KIHETHKOIO pEaKilii, Mo € Mai’ke HEMOXJIUBUM Yy
TBEPIOTIILHUX MeTosax [8]. BHyTpimHi ¢akTopH, Taki K TeMIepaTypa, BOJAHEBUIN MOKa3HUK
(pH), THCK 1 TpHMBAJICTh MpPOLECY, CYTTE€BO BIUIUBAIOTH Ha MIKPOCTPYKTYpPY, PpO3MIp,
JUCTIEPCHICTh Ta MOPQOJIOTII0 OTpUMAHOro MaTepiany. BogHouac He MEHIN BaXKJIMBUMH €
30BHIIIHI YUHHHUKH, K1 TAKOXK MOXYTh BIUIMBATH Ha Ipolec cuHTe3y. OcTaHHI TOCIIIKEHHS
BKa3ylOTh, LI0 MEXaHIYHE IMepeMIllyBaHHs ICTOTHO 3MIHIOE KIHETHKY peakliii Ta MpoLec
(dopMyBaHHS BHJOBXKEHHMX CTPYKTyp, 110, y CBOIO Yepry, BIUIUBaE Ha MOpP(QOJIOTito
HAHOCTPYKTYP Ta B1JIKPUBAE HOB1 MOXKJIMBOCT] IXHBOTO CHUHTE3Y.

VY 1poMy JOCIIJDKEHHI MPOaHaTi30BaHO CydacHi METOAM OTPUMAaHHS HaHOMAaTepialiB,
30KpeMa 3 BUKOPUCTAHHSAM MEXaHIYHOIO MepeMIlTyBaHHS, A ONTUMI3alli (I3UKO-XIMIYHUX
XapaKTePUCTHK OTpUMaHUX cTpyKTyp [4—8]. Ilinxin cuHTe3y HaHOMaTepialiB 3 PO3UMHIB Ma€e
3HayHl TepeBard y QOpMyBaHHI HAHOCTPYKTYpP, OCKUIBKM 3a0e3ledye KOHTPOJIb Hal
KIHETHKOIO peakuliii. Y poOOTi BUKOPUCTAHO HOBMHU MiJXiJ IO BUBUYEHHS NPOLIECY CUHTE3Y,
KU JIEMOHCTPY€E OCTaHHI JIOCSATHEHHS y 3aCTOCYBaHHI MEXaHIYHOTO MepeMilTyBaHHS IS
pauioHaJbHOrO MiA00pY (I3MKO-XIMIYHUX XapakTepUCTUK. MexaHIuHUI BIUIMB BiJirpae
KIIFOYOBY poJib y (POpMyBaHH1 BUIOBKEHHX HAHOKPUCTAJIIB 1 BU3HAUa€ KIHIEBY MOP(}OIOrito
HaHonosAciB. [lpouec MexaHIYHOro NepeMilllyBaHHS CHpPUYMHSAE PYHHYBaHHS pIBHOBaru
XIMIYHOT peakiii, Mo 3yMOBIIOE 3MIHU y HAaHOCTPYKTypl. HampykeHHs 3CyBYy, BHUKIHKaHE
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B’SI3KMM TTOTOKOM, MOX€E CIPUYMHATH JePOpMalLlil0 HAHOCTPYKTYP, @ IHTEHCUBHI CHIIU 3CYBY
MPU3BOJIMUTH JI0 BUHUKHEHHs OajmicTHYHUX CTpuUOKiB [1] abo mopymieHHs acuMmeTpii
HAHOCTPYKTYP Y IPOIIEC] POCTY.

BopHodac iHTEHCHBHE TIEpeMIllyBaHHS MOXE MPUCKOPIOBATH MAaCOBHW CHHTES,
BIUIMBAIOYM Ha KIHETHKY pEaKilii, CKOpOUYIOUH ii TPUBAIICTH 1 3MIHIOIOYM XapaKTEPUCTUKU
KIHIIEBOTO TPOAYKTY. [l Tiambmoro po3ymMiHHS poJii MEXaHIYHOTO IEpeMIllyBaHHS Ta
BU3HAYEHHS MapaMeTpiB, M0 BIUIMBAIOTH HA KIHETUKY KPUCTAJIYHUX MEPETBOPEHb OKCHIIB
MeTaiB, y poborax [1-3] mpoBemeHO TEOpETHUYHHI aHami3 MexaHismy peakiiii. OTpumani
pe3yabTaTH JO3BOJSIFOTH OIUCATH PICT HAHOCTPYKTYP 3 TMOIJISILY TEPMOJMHAMIKH Ta
KIHETUKH, IO CHpHSE palioHAIBHOMY BHOOpPY BHUXIJHUX MarepiaigiB 1 onTumizamii
napaMeTpiB mporiecy. 3arajiom, Iisg poOdoTa CIpsMOBaHA HA BUCBITICHHS KJIIFOUOBHX ACIICKTIB
TiPOMEXaHIYHOTO CHUHTE3Yy CTPIYKOMNOIIOHUX HAHOCTPYKTYP IMEHTAOKCHIY BaHAJIII0, a TAaKOXK
Ha BCTAHOBJICHHS KOPEJALIN MK KIHETUKOIO CTPYKTYPHUX IEPETBOPEHb 1 (P13UKO-XIMIYHUMHU
XapaKTepUCTHKaMu cycreHsii. OTpuMaHi pe3ylbTaTd MOXYTh CIYTyBaTH OCHOBOIO JIJIst
NOJAIIBIINX JIOCTIUKEHb Yy cepi CHHTE3y Ta MPAKTUYHOTO 3aCTOCYBAaHHS CTPIYKOIOMIOHHMX
HAHOCTPYKTYP B €NEKTPOHILIi Ta ONTOEIEKTPOHILI.

2. Kopeasinii Mi’k KiHeTMKOK CTPYKTYPHHX IepeTBOpPeHb i (izmko-XiMiyHUMH
XapaKTepUCTHKAMU cycIeH3ii.

Y 1boMy JAOCHIKEHHI BUKOPUCTOBYBAaBCS KOMEPIIHHUN MOPOIIOK MEHTAOKCUIY
BaHafito (V20s), sikuil mignaBaBcs nmoaaabiioMy aHamizy. OCHOBHY yBary OyJ0 30CepeKeHO
Ha BCTAHOBJICHHI KOPEJIAIiN MK KIHETHUKOIO CTPYKTYPHHUX MEPETBOPEHD 1 (Pi3UKO-XIMIUHUMU
XapaKTepUCTHKAMH CYyCIIEeH3ii IMiJ] Yac CHHTE3y HaHOIOCIB TICHTAOKCH]y BaHAJIIo.
JlocnimkeHo BIUIMB TakKMX NapaMeTpiB, SIK TeMIepaTypa, IHTCHCUBHICTb IEpeMilllyBaHHS,
KOHIIEHTpaIlis IeHTaokcu 1y Banafito (V20s) Ta BmicT coneid (NaCl) y po3uuHi.

3acrocoBaHuii y poOOTi rapOTEPMIYHUN METO]] € IPOCTUM Yy pealizallii Ta eKOJOTiYHO
Oe3neuHuM. BiH mepenbadae MOXIJIMBICTH BapilOBaHHs 3HAYHOI KIJIBKOCTI MapameTpiB, 110,
CBOEI0 4YEproro, JA03BOJIAE JETAlIbHO aHai3yBaTH e€QEKTUBHICTb METOJY Ta MeXaHi3M
(dbopMyBaHHSI HAHOCTPYKTYP.

ITpornec nociikKeHHs yTBOPEHHS Ta CUHTE3Y BUOBXKEHUX HAHOCTPYKTYp CKJIa/laBcs 3
KUIBKOX €TaIliB: MJATOTOBKM BUXIJHUX KOMIIOHEHTIB 1 CYCIIE€H31i, BUTOTOBJICHHS 3pa3KiB JJIs
pactpoBoi enekTpoHHOI Mikpockorii (PEM), 360py Ta 0OpoOKku eKcriepuMeHTAIbHUX JTaHUX
3a JIOMOMOTOIO CIeI1aIi30BaHOTO MPOTPAMHOTO 3a0€3MEeUEHHS.

Jlns mpurotyBaHHs cycnensiit Hatpiit xjopun (NaCl) po3uvHsIM y AMCTHIBOBaHIN
BOJI JIO 3a37aJIeTi[b BU3HAYEHO! KOHIICHTpAIlii, MATPUMYIOUM CTAOUTbHY TeMIIepaTypy Ta
OJTHOPiIHICTh po3unHy. Ilicias 1bOro MmocTymoBO JgojaBaiu MeHTaokcuJ BaHafito (V20s),
3a0€3Meuyro4r PIBHOMIPHUI PO3MOALT YaCTHHOK Yy cycreHsii. st po3aiieHHs arjioMepariB
YaCTUHOK  BMXIJIHOTO  KOMEpPLIHHOTO  TOPOLIKY  3aCTOCOBYBAaBCS  YJIbTPa3BYKOBHMH
JCTIEPTaTOp.

CuHTe3 HaHOMOSCIB 3/iMCHIOBABCA 3a JOIMOMOIOK aBTOPCHKOTO MPUCTPOIO, KU
3a0e3neyyBaB KOHTPOJb TEMIEpaTypd Ta WBUAKOCTI mepemimyBaHHs. [lim yac
eKCIEpUMEHTY TPOBOAWIM BUMIPIOBAHHS KIIOUYOBHX IapaMeTpiB, 30KpeMa BOJHEBOIO
nokasuuka (pH), enextponposignocti (LS/cm) ta B’s3kocTi (1) [9, 10].

AHami3 OTpUMaHMX HAHOCTPYKTYp 3AIMCHIOBAaBCA 3a JOMNOMOTOI PacTpOBOi
enekTpoHHoi Mikpockomii (PEM) Ta pentreHiBcbkoi qudpaxtomerpii. Ha ocHOBI mpoBeaeHUX
JIOCITIJIKEHb BCTAHOBJICHO KJIFOUOB1 B3a€MO3B’SI3KM MK ITapaMeTpaMH, 110 BIUIMBAIOThH Ha PICT
1 popMyBaHHSI HAHOCTPYKTYp Ta MpolecoM cuHTe3y. OTpuMaHi pe3yiabTaTi MiATBEPAXKYIOTh,
10 BapilOBaHHS IIMX MapaMeTpiB MOXKE CYTTEBO 3MIHIOBATH MOP(OIOrio Ta (i3uKO-XiMidHI
BJIACTUBOCTI CUHTE30BaHUX HAHOCTPYKTYp 200 HaBITh MOBHICTIO MPUTHIYYBATH iX yTBOPEHHSI.
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Ha Puc. 1 HaBegeHO dYacoBi 3alie)KHOCTI BOJHEBOTO TOKA3HUKA TMPH PI3HUX
MIBUJIKOCTSAX TIEPEMIIlyBaHHS, IO BIAMOBIAAIOTh IHTEHCUBHOCTI BIUIMBY Ha MPOIEC
(dopMyBaHHS BHJIOBKEHMX HAHOCTPYKTYp. BomueBwii mokasuuk (pH) i B’s3kicTh cycmensii
BUCTYNAIOTh IHJAMKATOpaMH Tepediry CHHTe3y Ta YTBOPCHHS KOJOIJHOTO PO3YHHY
HaHonosAciB. CrocTepiraerbcss HACTynmHa 3aKOHOMIPHICTh: 31 3MEHIICHHSM BOJHEBOTO
MOKa3HWKa (301IbIIEHHST KMCIOTHOCTI) BiZOYBA€THCSA IMOCTYIOBE 30LIBIICHHS B’SI3KOCTI Ta
3MiHa KOJILOPY PO3YHHY Bij 0J11710-KOPUIHEBOTO 710 OOPIOBOTO.

Jlnist MOCHIJDKEHHS TIPOILIeCYy CHHTE3y Ta BU3HAUEHHS HOro 3aBEpIIAILHOTO €TaIry
BUKOPUCTOBYBAJIM ~ pPacTpoBy  €JIEKTpoHHY Mikpockomito (PEM) Ta peHTreHiBCbKY
nudpakToMeTpito. 3pa3ku s 000X METOMIB aHali3y TOTYBaJIUCS 4Yepe3 BH3HAYCHI 4acoOBi
iHTEpBaNK, 30Kpema 2 roj., 24 roa., 48 rox., 72 rox., Tomio.

PactpoBa enekTpoHHa MIKPOCKOIIisS T03BOJISIE BIJCTE)KYBATH MOCTYIIOBY TpaHChopMaIrito
0JIi- Ta MOHOKPHUCTAJIIB Y BUAOBXKEHI HAHOCTPYKTYpH (HAaHOMOsCH). BcTaHOBIEHO, IO BIUIMB
NEBHUX MapaMEeTPiB MOXE CYTTEBO IPUCKOpIOBATH a0, HAaBIAKW, YIOBUIBHIOBATH IICH
npoIiec, 10, CBOEID YEPror, BU3HAYAE KIHIIEBI XapaKTEPUCTHKU OTPUMAHUX HAHOCTPYKTYP
[10].

Jlnist ToCImiIKeHHsT HAaHOTIOSICIB eHTaoKcH Iy BaHafito (V20s) Oyii0 BUKOPUCTAHO METOIU
pactpoBoi enekTponHoi Mikpockomnii (PEM). 3 MeToro 3a0e3neyeHHs SKICHOrO 300pasKeHHs y
SIKOCTI TAKIAJKA 3aCTOCOBYBAIM BiAIMOJIPOBAaHI IJIACTHHKU 3 BOJb(paMy, Ha IMOBEPXHIO
SKOTO HaHOCWJIM JOCHI/DKYBaHHH Marepiajl 3 MOAajJbIIUM MpOoCyllyBaHHsAM. OTpumaHi
3HIMKH MiAJaBaId aHajli3y, IO JO3BOJWIO BCTAHOBUTH KOPEISIII0 MK KiHETHKOIO
CTPYKTYpPHUX TEpeTBOPeHb 1 (I3UKO-XIMIYHMMU XapaKTepUCTHKAMHU CyCHeH3li miJ uac
TiAPOMEXaHIYHOTO CHHTE3y HAHOIOSCIB TICHTAOKCHUIY BaHAIII0 Yy TPOIECi IHTEHCHUBHOTO
NepeMillyBaHHs BOJHUX CyCIIEH31H MOPOIIKIB BUX1HOI pEUOBHHHU.
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Puc.1. 3Benennii rpadik 9acoBoi 3MiHI BOJAHEBOTO MTOKa3HUKA PH PO3YUHIB B 3aI€KHOCTI BiJl IBHIKOCTI
nepeminryBanns. [lentokcun Banazaio V205 (5 r.), mBuakicts nepeminryBanns (200 06/xs., 500 06/xB., 800
00/XB.), TeMIepaTypa po34uHiB B nporeci gociimkeHss (25 °C), 2M po3zunn NaCl.
Fig. 1. A summary graph of the time change of the hydrogen pH indicator of the solutions depending on the
speed of mixing. Vanadium pentoxide V205 (5 g), stirring speed (200 rpm, 500 rpm, 800 rpm), solution
temperature during the study (25 °C), 2M NacCl solution.

JlomaTkoBO y 1IbOMY JOCITIPKEHHI Oysio mpoaHaizoBaHo BIMB KoHIeHTparii NaCl Ha
npoTikaHHa peakuii B cucremi (Puc. 2) Ta, 30kpema, Ha npouec (GopMyBaHHS BHIOBXKEHHX
HaHOCTPYKTYp. BcTaHOBII€HO, 1110 HATPI XJIOPHI € OJHUM 13 KITFOYOBUX KaTaIi3aTOPIB IIOTO
IpoIiecy, OCKUIbKHM 3HaYHO MPUCKOPIOE CUHTE3 HAHOIIOSCIB.

[Tonpu Te, 0 NEpeTBOPEHHS arjioMepaTiB y HAHOCTPYKTYPH MOXJIMBE 1 0e3 J10/1aBaHHS
KaTaJli3aTopiB, MOBHE MEPETBOPEHHS 1 I' KOMEPIIIHOro MOpoIKy 3a 3BUYAafHUX YMOB 0e3
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JOJJATKOBUX KOMITOHEHTIB TpUBA€ Kilmbka MicsaliB. lle miaTBepIKYyETbCS YacOBUMH
3QJIXKHOCTSIMHU 3MIHU BOJHEBOTO ToKa3HUKa (pH), SKi AEMOHCTPYIOTh YOTHPH KIIFOUOBI €TaIH
NEPEeTBOPEHHA. AHaII3 YacoBoi 3ajexHocTi pH po3umHIB 3a pI3HUX MIBUAKOCTEH
nepeminryBanHs (Puc. 1) mokasas, mo npu mBuakocTi 800 06/xB karanizarop NaCl nmounnae
AKTUBHO B3a€EMOJISTH 3 KPUCTAIIYHOIO CTPYKTYyporo V20s npubimzno Ha 200-i xpununi. Ha
600-i1 XBUJIMHI HAa TTOBEPXHI MOHOKPHCTAJIB CIIOCTEPIra€ThCs 3apOKCHHS HAHOIIOSCIB, a 10
1500-1 xBuIMHU OUIBLIICTD KPUCTANIB BXKE TPAHC(POPMYIOTHCS Y BUIOBXKEHI HAHOCTPYKTYPH.
[Ticns 4000 XBHJIMH peakiris J0CATaEe 3aBEpIICHH, 0 MiATBEPHKYEThCS BUXOA0M rpadika Ha
IUIaTO Ta MOBHUM MEPETBOPEHHSIM KPUCTAIIYHOI CTPYKTYPH B HAHOIOSICH.

VY BigcytHocti NaCl mporec cuHTE3y BiOyBaeTbCs HAI3BHYAMHO TOBLIBHO, XOua
MOBHICTIO HE NPUNHUHAETHCS. BonHOYac HaBiTh HE3HAUHE IOJABaHHSA HATPIM XJIOPHIY IO
PEAaKIIIfHOT CHCTEMH JIO3BOJISIE CYTTEBO MPUCKOPUTH IMPOIEC, CKOPOTHBIIN HOTO TPHUBAIICTh
JI0 OJTHOTO TYDKHS, IO MATBEPKYE HOTO KaTaTi3y4dy k0.

OtpumaHi pe3yJabTaTH BIIKPUBAIOTH MOKJIMBOCTI JJisi KEpPyBaHHS Ta ONTHUMI3allil
nporecy TiJPOMEXaHIYHOTO CHHTE3y HAHOMOSACIB TMEHTAOKCHAY BaHailo. 30Kpema,
perymoBanHs koHueHTpamii NaCl m03Bossie €(eKTUBHO KOHTPOJIIOBATH MIBHIKICTH Ta
pe3yIbTaTUBHICTH (HOPMYBaHHS HAHOCTPYKTYp. JlOAAaTKOBO NPOBENEHHWI aHai3 BIUIUBY
FOT0 KaTajizaTopa Ha (Pi3UKO-XIMiUHI XapaKTEPUCTUKU CYCIEH31i Ta KIHETUKY CTPYKTYPHHUX
MIEPETBOPEHB CIPUSE TIUOMIOMY PO3YMIHHIO MEXaHI3MIB pOCTY HaHOTOSCIB, 1[0 MA€ BaYKIINBE
3HAYCHHS JIJIS TTO/1aJIbIIOT ONITUMI3aIlii METOIY CHHTE3Y.
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Puc.2. 3Benenwuii rpadik 9acoBoi 3MiHU BOZHEBOTO MMOKa3HUKA pH po3YHHIB B 3aJIKHOCTI Bij
koHneHTpatii B po3unHi NaCl. [Tearokcun Baraznito V205 (5 1.), mBHAKICTH epeMinryBaHHs (500
00/XB.), TeMIepaTypa po34uHiB B nporeci pociimkerns (25 °C), pizna kornerTpamis NaCl (0M,0.5 M,
1M,2M,3M).

Fig. 2. A summary graph of the time change of the hydrogen indicator of the pH of the solutions
depending on the concentration in the NaCl solution. Vanadium pentoxide V20s (5 g), stirring speed
(500 rpm), temperature of solutions during the study (25 °C), different concentration of NaCl (0M, 0.5
M, 1M, 2M, 3 M).

Amnaniz orpuMmanux pesynbraTiB (Puc. 2) BUABMB YITKMH KOpENSALIAHHMNA 3B S30K MIX
koHeHTpauiero NaCl y po3unHi Ta KUIBKICHUM BMICTOM KOMEpIiHfHOro mopomky V:Os.
30UIbIICHHST KOHLIEHTpAIlil HaTpiii XJIOpUAY CYTTEBO cCHpHsie (OPMYBAaHHIO Ta pPOCTY
BHUJIOBXKEHUX HAHOCTPYKTYp, IO MIATBEPIKYETHCS pe3yjbTaTaMU PacCTPOBOi €IEKTPOHHOI
mikpockomnii (PEM) ta pentrenicpkoi nudpakromerpii. Lle Bkasye Ha BHUCOKY UyTJIHMBICTBH
MpOIIeCY CHUHTE3Y JI0 3MIH KOHIIEHTpaIlli KaTrajgi3aropa, IO € BAKIWBHM aCIEKTOM JIs
MOJAJIBIIOT ONTUMI3allii yMOB BUPOOHHUIITBA HAHOMATEPialiB.
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VY pob6oTi Takok HaBeneHO TpadiuHi MPEeACTaBICHHS PO3MOALTY HAHOMOSCIB Yy BHIVIAI
ricrorpam (Puc. 3, Puc. 4), orpuMaHi IUISXOM JETAIBHOTO aHAIi3y Ta 0OpPOOKH 300paXkeHb,
orpuMmanux meronoM PEM. BukopucranHs cremiajgi3oBaHOTO MPOTPaMHOTO 3a0e3MeyeHHs
JTO3BOJIMJIO 3/11IMICHUTH BUMIPIOBAHHSI JIOBXUHH Ta IIMPHUHHU KOKHOTO HaHormosica. Ha ocHoBi
UX JaHuX Oynu TMOoOyAOBaHI TiCTOrpaMH Ta OOYHMCIEHO CepenHi po3Mipyd HAaHOMOSCIB:
JIOB’)KMHA CTaHOBMWJIA 2,3 MKM, a mupuHa — 42,6 HM.

BaxJuBUM acnekToM MPOBEACHOTO OCTIKEHHS OyJIO BCTAaHOBJICHHS KOPEINALii MiX
IHTEHCUBHICTIO T1APOMEXaHIYHOIO IMEPEeMIlllyBaHHS Ta T€OMETPUYHUMHU XapaKTEPUCTHKAMU
OTPUMAHUX HAHOCTPYKTYp. AHai3 3/IHCHIOBABCS ISl 3pa3KiB, CHHTE30BAaHUX 32 HACTYITHHUX
napametrpiB: maca V20s — 5 1, mBHAKICTH mnepemimryBaHHs — 500 o006/xB, TemmepaTypa
peakuiitnoro cepenosuina — 25°C, konnentpariss NaCl — 2 M. Ontumizariis ux napaMmerpiB
copusiia (OpMyBaHHIO HAHOIOSCIB 13 BU3HAYECHUMH MOPQOJOTIYHHUMH XapaKTepUCTUKAMH,
110 Bi10Opa’keHO B OTPUMAHUX EKCIIEPUMEHTAIBHUX PE3yIbTaTax.

BaxxnuBuMm acnekToM MpOBENEHUX JOCHIKEHb CTAl0 BUKOPUCTAHHS CIEIiali30BaHOIO
IPOTPaMHOTO 3a0e3MeYeHHsT Uil JACTAIBHOTO aHali3y OTPHUMAHUX EKCIEePUMEHTAIbHHUX
nanux. lle crnpusiio migBUIIEHHIO TOYHOCTI Ta JOCTOBIPHOCTI pe3yJNbTaTiB, JO3BOJISIOUN HE
JIMIIE BU3HAYUTH OCHOBHI T€OMETPUYHI TApaMeTPH HAHOCTPYKTYP, & i CTBOPUTH CTATUCTUYHI
MOJIeJ1 pO3MOALTY IXHIX PO3MIpiB.
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Puc.3. T'icrorpamma po3mo/ ity HaHOTIOSACIB IO Maci BiJl 3arajJbHOT MacH BUMIpSHHUX YacTHHOK. CepeqHe
3HA4YCHHA JOBXHWHU CUHTC30BaHUX HaHOIIOSCIB NICHTOKCUAY BaHaZ[iIO CTaHOBUTH 2,3 pm.
Fig. 3. Histogram of the distribution of nanobelts by weight from the total mass of the measured particles.
The average length of the synthesized vanadium pentoxide nanobelts is 2.3 pm.

CuctemMaTHuHUl aHaNi3 MOKa3aB, 110 IHTEHCHBHICTh T1IPOMEXaHIYHOTO MEpEMIlIyBaHHS
Mae OesmocepefHid BIUIMB Ha MOP(OJIOril0 CHHTE30BAaHUX HAHOMOACIB. 30Kpema,
BCTaHOBJICHO, 10 31 30UIBIICHHAM IIBHJIKOCTI IIEPEMIIITYBAaHHS CepeHs J0BXKHHA HAHOMOSCIB
3MEHIIYETHCS, IO BKa3ye HA TICHUH 3B’S30K MK MapaMeTpaMH TIpOIeCy CHHTE3y Ta
CTPYKTYPHHUMH XapaKTePUCTUKaMHU OTPUMAHOI0 MaTepiaiy.

OxpiM TOro, BU3HAYEHO, IO TaKi YMOBH CHHTE3y, SIK TeMIlepaTypa Ta KOHIEHTpalis
PEaKIIHOTO CepeloBHINA, TAKOXK BIAIrPalOTh BAXIMUBY POJib Y (OPMYBaHHI HAaHOCTPYKTYP,
BIUTMBAIOYM Ha iXHIO (hopMy, po3MipH Ta KIHETHKY pocTy. OJHaK 3MiHa IIUX HapaMeTpiB He
3aBXKAM MO3UTHBHO MO3HAYAETHCSA HA SKOCTI KIHLEBOTO MPOAYKTY. JleTanbHe JOCIiIKEeHHS
B3a€MO3B’A3KIB MIXK 3a3HaYCHUMH IapaMeTpaMu J03BOJIMIO BCTAHOBUTHU ONTHUMAalIbHI YMOBU
CHUHTE3Y HAHOMOSCIB TEHTAOKCHJIY BaHAJIl0 3 BHUCOKMM AaCHEKTHUM BiJHOLICHHAM 1
YHIKaJIbHUMH (P13UKO-XIMIYHUMHU BIACTUBOCTSIMHU.
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3aranioM, mpoBeAEHE JOCIIIKEHHS BCTAHOBIIOE 3B’SI30K MK KIHETHKOIO CTPYKTYPHHX
MEePEeTBOPEHh  Ta  (PI3MKO-XIMIYHMUMH  XapaKTEPUCTHKAaMU  CYCIIEH3li B mporleci
TiAPOMEXaHIYHOTO CHHTE3Y HAHOMOSCIB MEHTAOKCHay BaHafito. OTpuMmaHi pe3ysbTaTé
MOXYTh CTaTH OCHOBOIO IS MOJAIBIIMX HAYKOBHUX JIOCIHIDKEHb, CIPSIMOBaHUX Ha
BJIOCKOHAJICHHS ~ METOJIB  CHHTE3y Ta pO3IIMUPEHHS MNPAKTUYHOTO  3aCTOCYBAHHS
HaHOMAaTepiaiB.
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Puc.4. T'icrorpamma po3moiry HaHOMOACIB o mupuHi. CepeHe 3HaUeHHS ITMPHHA CHHTE30BaHIX
HAHOIOSACIB IEHTOKCHUTY BaHAIII0 CTAHOBUTH 42.6 nm.
Fig. 4. Histogram of the distribution of nanobelts by width. The average width of the synthesized vanadium
pentoxide nanobelts is 42.6 nm.

3. BucHoBkHu

VY 1pboMy J1OCIIKEHHI BCTAHOBJIEHO KOPEJIALIIHI 3B I3KH MK KIHETUKOIO CTPYKTYPHHUX
NepeTBOPeHb Ta  (PI3UKO-XIMIYHUMHM  XapakTEepUCTHKaMM  CyclleH3li B mpoleci
TiPOMEXaHIYHOTO CHHTE3y HAHOMOsICIB TeHTaokcuay BaHamio (V:0s). Bussieno, o
IHTEHCUBHICTh MEXaHIYHOTO TepeMilllyBaHHs, TeMIlepaTypa CepeJOBHINA, KOHIIEHTpallis
BUXIJIHUX PEAreHTIB 1 MPUCYTHICTh KaTajli3aToOpiB BIAIIPalOTh KPUTHYHY poJib Y (GOpMyBaHHI
HaHOCTPYKTYD.

JlociakeHHsl ToKa3aiy, 110 BapitoBaHHS NapaMeTpiB CUHTE3Y J03BOJISIE KOHTPOJIOBATU
MOp}OJIOTit0 OTPUMAHUX HAHOCTPYKTYP. 30KpeMa, BCTAHOBJIEHO, 1110 301IbIIEHHS IIBUKOCTI
NEepeMIlTyBaHHs 3MEHIIYE CEpPEeJHI0O JIOBXKHHY HAHOIOSACIB, a 3MiHa KoHueHTpauii NaCl
0e3rnocepeIHbO BIUIMBAE HA KIHETHKY POCTY Ta SIKICTh OTPMMAaHUX HaHOMaTepiamiB. AHamli3
4acoBO1 3aJIEKHOCTI 3MIHM BOJIHEBOTO Moka3HuKa (pH) miaTBepauB KaTani3yrouy Ail0 HaTpid
XJIOpUAY, L0 A03BOJISE CYTTEBO MPUCKOPIOBATH MPOLIEC CUHTE3Y HAHOCTPYKTYDP.

Metoau pactpoBoi enekTpoHHoi Mikpockornii (PEM) Ta pentreniBcpkoi nudpakromerpii
HiATBEPAWIM, L0 32 ONTUMAIbHUX YMOB CHHTE3Yy BiJIOyBa€ThCs IOBHE IEPETBOPEHHS
KPUCTAJIIYHUX arJIOMEPAaTiB Yy HAHOMOSCH 3 BU3HAUEHUMH (D13UKO-XIMIYHUMU BIACTHUBOCTSMHU.
Bukopucranus —creriagizoBaHOrO MPOTrpaMHOro 3a0e3MeueHHsl JO3BOJMJIO OTpUMATH
CTaTHUCTUYHI MOJIETl PO3MOAUTY T€OMETPUUYHMX XapaKTEPUCTUK HAHOIMOSCIB, IO CHPHSIIO
OB JIeTaIbHOMY aHaJli3y BIUTUBY Pi3HHMX IMapaMmeTpiB Ha KIHIEBY MOPQOJIOTio CTPYKTYP.

3arajoM, OTpUMaHi pe3yibTaTH MIATBEP/KYIOTh TEPCHEKTUBHICTh BUKOPHUCTAHHS
TiIPOMEXaHIYHOTO CHUHTE3Y SIK €(pEeKTHMBHOTO MeToay i (popMyBaHHS HaHOMAaTepiatiB i3
KOHTPOJILOBAHUMH XapakTepucTHKaMu. [lomanbini qOCiKeHHS B IIbOMY HANPSMKY MOXYTh
OyTH cCHpsSMOBaHI Ha ONTHMI3allil0 TEXHOJIOTIYHHUX MapaMeTpiB 3 METOI0 IiIBUIICHHS
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OJTHOPIHOCTI OTPUMAaHUX HAHOCTPYKTYpP Ta iX 3aCTOCYBaHHS B €JEKTPOHILi, CHEPreTHII],
ONTOEJIEKTPOHIII i 1HITUX BUCOKOTEXHOJIOTIYHUX Taly3sX.
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JUCKyCli Ta MIATPUMKY TWiJ Yac MpPOBEIEHHS EKCIIePUMEHTAIbHHUX JAociikeHb. Poborta
BHKOHaHa 3a MATPUMKH MiHICTEpCTBa OCBITH 1 HAYKHW YKpaiHU (JepKaBHUM peeCcTpalliiiHU
Homep: 0121U113219).
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CORRELATIONS BETWEEN THE KINETICS OF STRUCTURAL
TRANSFORMATIONS AND PHYSICOCHEMICAL CHARACTERISTICS OF
THE SUSPENSION DURING THE HYDROMECHANICAL SYNTHESIS OF
VANADIUM PENTOXIDE NANOBELTS

This study investigates the correlations between the kinetics of structural transformations
and the physicochemical characteristics of suspensions during the hydromechanical synthesis
of vanadium pentoxide (V:0s) nanobelts. One-dimensional nanostructures such as nanobelts,
nanowires, and nanotubes are of great interest due to their unique physical properties and
wide-ranging applications in nanoelectronics and optoelectronics. Hydromechanical
synthesis is highlighted as an environmentally friendly and parameter-flexible technique for
controlled nanostructure formation.

The research focuses on the effects of key parameters—including pH, temperature,
stirring intensity, and sodium chloride (NaCl) concentration—on the morphology and quality
of the nanobelts. Using commercial V>0s powder, suspensions were prepared and processed
under varied conditions in a custom-designed reactor enabling precise control of temperature
and mixing speed. Changes in pH, viscosity, and electrical conductivity were monitored
throughout the synthesis.

Two main experimental variables were investigated: stirring speed and NaCl
concentration. Results show that increased stirring enhances the formation of elongated
nanostructures by altering crystallization dynamics. High-speed mixing induces shear
stresses that disturb chemical equilibrium, promoting anisotropic growth and significantly
reducing synthesis time. NaCl was identified as a catalytic agent that further accelerates the
transformation of V:0s agglomerates into nanobelts. Without NaCl, full transformation may
take months, but with its addition, it occurs within a week.

The morphology of the synthesized nanobelts was analyzed using scanning electron
microscopy (SEM) and X-ray diffraction (XRD), confirming successful formation with
average dimensions of ~2.3 um in length and 42.6 nm in width. SEM image data were used to
generate histograms and statistical distributions of nanobelt sizes via specialized software.
The analysis confirmed a strong link between synthesis conditions and the resulting
dimensions of the nanostructures.

In addition, changes in pH and other suspension properties served as real-time
indicators of synthesis progress. Lowering pH correlated with increased viscosity and
noticeable color changes, which tracked the formation of colloidal solutions and nanobelts.

These findings demonstrate that understanding and controlling the relationship between
suspension parameters and structural transformation kinetics is critical to optimizing
hydromechanical synthesis. The results enhance the knowledge of nanobelt growth
mechanisms and offer a framework for improving synthesis efficiency and material quality.
This contributes to the broader development of V:Os nanobelts for applications in energy
storage, catalysis, and next-generation electronic and photonic technologies.

Keywords: 1metal oxides, vanadium pentoxide, hydromechanical synthesis, nanobelts,
pH value.
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MDKIUCIUATLITHAPHUI HAB‘{A.JII)HI/II‘/JI INPOEKT «OBYUCJIEHHSA
HEHTPA MAC HAXMWJIEHOI CKJISAHKH 3 BOJAOIO»

Y cmammi sanpononoeano misxcoucyunninapnui nasuanvHui npoekm « Obyucnenms
YeHmpa MAac HAXUuLeHoi CKISIHKU 3 600010», MEMOI0 K020 € 3aKPINIeHHs NOHAMb CMAMU4YHO20
MOMEHmA [ yeHmpa mac minga, memooié O0CHNI0NCEeHHs. HA eKcmpemym (QYHKYil b6aeamvox
3MIHHUX, WLIAXOM pPO36’3aHHA OO0CHIOHUYbKOI 3adaui. 3adaya nonseae 8 momy, wood
BUBHAYUMU, CKIIbKU 800U Mpeda HAIUMU Y CKASHKY, WO CMOimb HAXULeHO Ha peopi, wob it
YeHmp Mac nicjis 3piGHOBANCEHHS 3aliHAE HAlIHUICYe NOJI0dCeHHs. 3adayi npo 6ananc docums
Yacmo 3yCmpiuaomvbcs y Mepesci inmepHem: KOPUCmyeadi 3a8aHmaxcyioms 8i0eo, Ha AKUX
0eMOHCMPYIOMb CBOE BGMIHHA 00CAeMU CMIUKOI pigHOGazu pi3HUX npeomemis (CKIAHOK,
OaHoK, NAAWOK, KameHie i md.). BuHukae npupoone 3anumauHs. AK 0o0csemu OAiaHcy
sAK020CH npedmemy? 30ammuicmv npeomema nepedysamu Yy CHMIUKIU pi6HOA3i MICHO
NO8’A3aHA 3 NONOJHCEHHAM U020 yenmpa mac. Ilonoscenus yenmpa mac CKIsIHKU 3 800010
3anexcums 8i0 piGHA pIOUHU 6 Hill ma 6i0 HaxuleHocmi CKIAHKU. B pamkax npoexma ys
3anexcHicmes  00CHIONCYEMbCA  MEMOOaAMU  MAMEMAMU4yHo20 aHalizy ma YucerbHUMU
Memooamu, K peanizylomvCs IHCmpymenmamu 3 nakema npuxiaouux npozpam Matlab. V
cmammi HABOOUMbBCA PO38 A3AHHA 3a0adl NPO YEHMP MAC HAXUNEHOI CKIAHKU 3 800010, WO
Jledcums 8 OCHO8I NPOEKMA, O/l KOHKPEeMHUX 3HAYeHb napamempie ckiauku. Posze’szanms
Mae Ha memi 0ONOMO2muU BUKIA0AYesi Opeanizyeamu pobomy cmyoenmis Hao NPOEKMOM.

YV pamxax npoexma cmyoenwmam nponowyemscs: a) poss’szamu 3a0ayy npo Oanauc
CKIAHKU meopemuyno, 6) nposecmu 00Cai0, y AKOMY CHpoOy8amu 3pi6HOGANCUMU HA MOHEmI
CKISAHKY 3 PI3HOIW KIMbKICMIO 800U, 30Kpemd, 3 MoK KiIbKicmio, aKa 0y1a ompumaua 8
pe3yibmami  meopemudHo20 OOCHIONCeHHs, 8) 3poOuUmuU BUCHOBKU 3a pe3ylbmamamu
npoeedeno2o excnepumenmy. Baswcnusoro pucoro npoekma € me, wjo y npoyeci pobomu Hao
HUM CMYOEHMU MAaKONC 3HAUOMIAMbCA 3 oucyuniinamu «Teopemuuna mexanika» i
«lIpoepamysanns ma mamemamuyHi naKkemuy, wjo GUKIAOAIOMbCA 32I0HO HABYATbHUX NIAHIE
cmydenmam  cneyianvnocmi 111 Mamemamuka y  Yepkacbkomy — HAyioHATbHOMY
yHigepcumemi imeni b. Xmenvnuyvkozo.

KuarouoBi cjoBa: 1eHTp Mac, piBHOBara, OanaHc, CKJSHKA, MDKIUCIUILTIHAPHUMA
HaBUYAJIBHUIA TIPOEKT, Matlab.
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1. Beryn

3rigHo [3], «poekTHEe HaBUaHHS — 1€ METOJl, HABUAIOYMCH 3a SIKMM, Y4Hi, ICBHUU 4Yac
JIOCJIIJDKYIOUYH 1 pearyroud Ha CIpPaBKHI, IIKaBi Ta CKJIAIHI MUTAHHS, OTPUMYIOTh MOTPiOHI
3HAHHS T4 HAaBUYKW». Y BHU3HAYCHHI HIETHCS MPO Y4HIB, OJHAK BUAAETHCA, IO TAKHHA THII
HaBUaHHSA AaKTyaJIbHHH 1 Juisi 3100yBadiB BHUIOI OCBITH, OCKUIBKM BOHH, SK 1 Y4YHI,
HABYAIOTHCSA. Y JaHii CTaTTi MPOMOHYETHCS MDKAUCHUILTIHAPHUN TpOoekT «OO0UMcIeHHs
LIEHTpa Mac HaXWJICHOI CKJISHKHM 3 BOJIOIO». IIpOEKT NpPOMOHYETHCS CTYIEHTaM 2-TO Kypcy
cneniaigpHOCTI 111 Martemaruka B pamkax Kypcy «MaTeMaTHuHUH aHami3: QyHKII KUTbKOX
3MIHHUX». METOI0 NMPOEKTY € 3aKPIIJICHHS MOHATh CTATUYHOIO MOMEHTA Ta LIEHTpa Mac Tia,
METOMIB JTOCTI/PKEHHSI Ha eKCTpeMyM (DyHKIiH 6ararb0X 3MIHHHX Ta BOJHOYAC OMAHYBAaHHS
eJIEMEHTIB MporpamMyBaHHs y cepenoBuini Matlab i 3HalioMcTBO 3 eneMeHTaMH TEOPETHYHOT
MexaHiku. TakuM 4nHOM, y mporeci poOOTH Hall IPOEKTOM, CTYICHTH 3aKPIIUIIOIOTh 3HAHHS 3
TUCHUIIIIHA  «MaTtemMaTnyHui aHaii3: QyHKHIl KITbKOX 3MIHHMX» Ta 3HAHOMIIATHCS 3
mucuurutinamMu «Teopernuna mexanikay i «IIporpamyBaHHS Ta MaTeMaTH4HI MAKETH», IO
BUKJIA/IAI0THCS 3T1JHO HABYAJIBHUX IUJIaHIB CTYJeHTaM crienianbHocTi 111 MaTtemaTuka.

B ocHOBI mpoekTa JeKUTH OJIHA 3a7a4a Mpo OaTaHC CKISHKH, 3alI0BHEHOI BOOK0 (200
iHIIOW pinuHOW0). Pi3HI 3amaui mpo OGamaHC MOXKHA 3YCTPITH HE TIJABKK B JIITEpaTtypi 3
TEOPETUYHOT MEXaHIKU UM (i3UKH, aJie i 1 B 6ararboX He MOB'I3aHUX 3 HAYKOIO YW HABUYAHHSIM
pecypcax. Tak, y pi3HMX Mepekax IHTEpHETYy JIIOJU PO3MOBIAAIOTH Ta MOKa3yIOTh, K iM
BIIA€THCS OCATTH OanaHCy AEKUIBKOX KaMEHiB, IO JIeKaTh OJWH Ha OJHOMY, a00 TTOPOXKHIX
IUTALIOK, 3'€IHAHUX PEMOHTHUMHU KiIo4aMH. € TakoX Ti, XTO CTaBIATh CKISHKY peOpoM JHa
Ha MOHETY Tak, IO CKJIIHKa nepeOyBae y CTiiikiil piBHOBa3i (1uB., Hanpukian, [6], [8]). A6o
K OJIIIaHKY 3 Ta30BaHUM HAIIOEM CTaBJIAThH NIPOCTO peOpPOM Ha CTLI 1 BOHA TeX nepedyBae y
cTaHi criiikoi piBHOBaru. ll{ono 6anaHcy CKISIHKH, TO BUKOHaBII (POKyca BHKOPHCTOBYIOTH
MOHETY 3 HOIpyJJsIM 1 caMe Ha HbOT'O CTaBJIATh peOpoM JiHA CKISIHKY. BuHUKae npupoaHe
3aIMTaHHA: 33 PAXyHOK 4OTo CKJISHKA TepebyBae y cTilikiii piHOBa3i? VIMOBipHO, 3aBiiku
TOMY, LII0 BOHA peOpOM CBOTO JHA CHMPAETHCA HA MOHETY y TPbOX MICIIX: Ha MOTpyAJs Ha
aBepci, Ha OypTHK MoHeTH [2] (migHeceHui Kpail MOHETH) Ta Ha IJIaJIcHbKY CTOPOHY MOHETH.
TakuM 4MHOM, YTBOPIOETHCS 007aCTh OMOPU: TPUKYTHHUK. SIK BIZJOMO 31 CTATUKU TBEPAUX TiJI
[1], siKmIO HEHTp Mac TBEPAOro Tija MPOSKTYBATUMETHCS B OOJIACTH OMOPH, TO TBEPIE TiJIO
nepedyBaTHMe y CTiHKii piBHOBa31. OqHAK, JUIsl TBEPAUX TiJ MOXe OyTH 1 Tak, 110 LIEHTP Mac
MIPOEKTYETHCS 32 MEXI1 001acCTi ONMOPH, ajie CTIMKICTh PIBHOBArd MpH IIbOMY 30epiraerbes. Y
[IbOMY BHIIaJKy pIBHOBara, sK BHJIQ€TbCs, 3a0€3MEeUyBATUMEThCA 32 PaxXyHOK CHJI TEpTH Y
TOukax JoTuUKaHHA. {0 cuTyamito MoXKHa OmMCaTH Ha MPUKIAAI MPOCTIMIOl MOJEN.
Pozrisinemo Opyc, BcTaBiaeHU y SIMKY Tak, K [IOKa3aHO Ha PUCYHKY 1.

Puc. 1. Criiika piBHOBara 6pyca, BCTaBJIE€HOTO y SIMKY.
Fig. 1. The stable equilibrium of a beam placed into a hole.

[Tpunyckaetsces, 1o 6pyc oaHOpiAHUNA. HOPHOIO TOYKOIO MO3HAYEHO MOro LIEHTP Mac.
Sk Oaynmo, LEHTp Mac MPOEKTYEThCS IM03a O00JIaCTh OMOpH, ajie OpyC BCe OIHO MOXKeE
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3aJUIIATHCA y CTiHKii piBHOBa3i. O4eBHIHO, IO SKIIO MU MOYHEMO 3017IbIIYBATH JOBXKUHY
Opyca, To BiH Oyjie Bce OIBIN CXUIBHUN «3aBATUTUCS. | 3HAHTyTHCS TaKi pO3MIpH, TIPH SIKUX
BiH Takd BUMNAJAC 3 SMKU. | HaBOmaku: 4MM HWXKYAM Oyae IeHTp mac Opyca, TUM OUTbII
CTiliKor0 Oyze Woro piBHOBara, To0TO, TUM OLIBIITMMHU MarOTh OYTH MOYATKOBI 30ypeHHs, SKi
3MOXKYTh BUBECTU Takuii Opyc 3 piBHoBarH. Illock mozaiOne, IMOBIpHO, criocTepiraeTbes 1 Juis
CKJISTHKY 3 BOJIOIO: MPH 3MiHI PIBHS BOJM y HIl OyJie 3MIHIOBATHUCS 1 BUCOTA IICHTPA Mac HaJ
TUIOIIMHOI0O MOHETH 1 TOMy OyJie 3MIHIOBaTHCS CTYIIHb CTIHKOCTI PIBHOBaru CKJISIHKH. I 1is
TOTO, 00 JOCATTH MaKCHMaJIBHOTO PIBHS CTIMKOCTI, CIiJ 3a0€3MEUNUTH SKOMOTA HIDKYUN
HEHTP Mac. Y ybomy i noasieac 3adaia npo 0ANAHC CKIAHKU, WO JeHCUMb 8 OCHOBI NPOEKMY:
BUBHAYUMU, CKIIbKU 600U mMpeba HATUMU Y CKAAHKY, WO CMOoimb HAXUieHo Ha pedpi, ujoo it
Yenmp Mac nicis 3pi6HOBANCEHHS 3AUHAE HAUHUNICHE NOTIOHCEHHS.

CryzneHTaM NpPOMOHYETHCS: a) PO3B’sI3aTH 33auy Mpo OajaHC CKISHKU TEOPETHYHO; 0)
IOPOBECTU JOCHiA, y SKOMY CHpOOyBaTH 3pIBHOBRKUTH Ha MOHETI CKISHKY 3 PI3HOIO
KUTBKICTIO BOJIM, 30KpEMa, 3 TOIO KUIBKICTIO, sika OyJa OTpMMaHa B pe3yJbTaTi TEOPETHUHOTO
JOCTIPKCHHS;, B) 3pOOUTH BHCHOBKH 32 pe3yJIbTaTaMH MPOBEACHOTO eKcrepuMeHTy. [licis
pO3B’si3aHHA 1li€l 3aJadi CTyAEHTaM MOXYTh OYTH 3amporOHOBaHi A CaMOCTIHHOTO
po3B’s3anHgs Moau(ikamii ommcaHoi 3a7avi MPO LEHTP Mac CKISHKH, KOJHM HAaKIaJaloThCs
JOJIaTKOBI yMOBH: 1) CKISIHKa HAalOBHEHA JAEKUIbKOMAa pIAMHAMH, SKI PO3MIIIYIOTHCS
HIapaMu, IO HE 3MIIIYIOThCs (KOMITO3UTHHI MaTtepiai), HaIpuKIad, JecepToM; 2) CKISTHKA
Mae GopMy, BIIMIHHY BiJl HUITIHIPUYHOI.

Jlanmi HaBeEHO PO3B’S30K 3a/a4i, ONMUCAHOI BHIE, KEPYIOUHCh SIKAUM BUKJIAIa4 MOXKE
oprasizyBaTH poOOTY CTYJEHTIB HaJl TPOEKTOM.

2. lonomixkHi BioMocTi PO mEeHTP Mac Ta Po3B’A3yBaHHS 3aJa4 onTuMizamii 3a
nonomoror Matlab

2.1. IJenmp mac niockoi niacmuru

LlerTp Mac — XapakTepUCTHKa MEXaHIYHOI CHUCTEMH, SKa Ma€ BAKJIMBE 3HAUYCHHS B
TEOPETUYHIH MexaHili. 30KkpeMa, Teopema Mpo HEHTP Mac MexaHiuHoi cuctemu [1] mo3Bossie
BUBOJIUTH PIBHSHHS PyXy. Pyx TBepmoro Tiza MOKHa pO3TJISIATH SIK CYMEPHO3HIII0 PYyXy
LIEHTpa Mac i 00epTaTbHOrO PyXy Tijia HABKOJIO Horo meHTpa Mac [4]. IleHTp Mac mpu 1bomy
pyXaeTbCcsi TaKk caMo, SIK pyXajocs O TijO 3 TakOwo X Macoro, ajié HECKIHYEHHO MaJiMH
po3Mipamu (MaTepiaiibHa Touka). OCTaHHE O3Ha4ae€, 30KpeMa, IO AJS OMUCY LBOTO PyXy
3acTOCOBHI Bcl 3akoHM HploToHa. ¥V 0ararbox BUIaJKaX MOXKHA B3arajl HE BpPaxOBYBaTH
po3mipu 1 gopmy Tina 1 po3rasAaTH TUIBKH pyX HOro neHTpa mac. Sk Bigomo (AuB.,
Hanpukian, [5] a6o [9]), koopmunatu (Xc,yc) UEHTpa Mac IJIOCKOI IJIACTHHU D, st sIKOi
BiJIOMUit 3aKOH po3noziay Mac (X, y), 00UUCTIOITECS 3a GopMyIaMu:

M My
xc=7y: Ye =70 (1)

nem=|f p M(x,y)dxdy — maca nnacrunu, M, = If p Xu(x,y)dxdy — cratuunuii MOMEHT

IIacTHHE BigHOCHO oci Oy, M, = [f p Yu(x,y)dxdy — craTuuHMH MOMEHT ILTAaCTHHHU
BIJTHOCHO ocl1 Ox.

2.2. Poss’sa3yeanns 3a0au onmumizayii 6 cepedosuwyi Matlab. @ynxyiss fmincon

Cepenosuiie Matlab mo3Bosisse po3B’s3yBatu pi3Hi 3amadi omrumizartii. OgHieo 3
HNOTYXKHUX (YHKIIH, MpU3HAaYeHUX JUId 1boro, € (pyHkuis fmincon, omuc SKOi MOXHa
3HaWTH, HANpUKiIaa, Ha odimiiHoMmy caiiti kommaunii The MathWorks [10], y po3mini 3
HasBoto Help Center, 3a nocunanssam [7]. 3rigHo ommcy wiel ¢yHKIII, icHye Iekinbka il
moaudikariit. [lepenik iX HaBeIEHO HUKYE:
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x = fmincon (fun,x0,A,b)

x = fmincon (fun, x0,A,b,Aeq, beq)

x = fmincon (fun,x0,A,b,Aeq, beq, 1b, ub)

x = fmincon (fun,x0,A,b, Aeq, beqg, 1b,ub,nonlcon)

x = fmincon (fun,x0,A,b,Aeq, beqg, 1b,ub,nonlcon, options)
X fmincon (problem)

[
[
[

x,fval] = fmincon ( )
x,fval,exitflag,output] = fmincon ( )
x, fval,exitflag,output, lambda,grad, hessian] = fmincon ( )

®yukuis fmincon 3HaxoauTh MiHiMyMm (yHKIT f(x) 3a yMOB:
c(x)<0
ceq(x) =0
A-x<bh
Aeq - x = beq
b <x < ub,
ne b i beq — Bexropu, A i Aeq — matpuui, C(X) i ceq(x) — BekropHi QyHKIIT (PyHKIIs,
3HAYeHHAM s1KO1 € Bektop), a f(X) — ckamspua ¢yukmis. f(X), c(x) i ceq(x) MoxyTp OyTH
HenmiHiiHuME QyHKIsMH. X, Ib 1 ub MoxxHa monaTu sik BekTOpU abo MaTpuiii.
3anexHo BiA TOro, sika MoAudikailis 3 MepeniKy BHUIIE BUKOPUCTOBYETHCS, YMOBHU
OyAyTh BXOJIUTH B HEi B TOW YW iHIIHMHA crioci6. PosrimsiHeMo Taky moaudikaiiro (yerBepra y
nepeniky):

x = fmincon (fun,x0,A,b,Aeq,beq, 1b,ub, nonlcon)

s dbyHKIIA 3HAXOAUTH TOYKY MiHIMYyMy X ¢yHKIIi fun, 3 mouatkoBumMu ymoBamu X0.
[HIIi apryMeHTH € mapaMmeTpaMu, ONHCAaHWUMH BHIIE. SIKIIO SKOICh 3 YMOB Yy 3ajiadi, SKy
HEOoOX1JTHO PO3B’s3aTH, HEMAE, TO 1€ 3anucyeThes Tak. [lpunyctumo, y aaHii 3aaadi BiACyTHS
ymoBa A - x < b. Y TakoMy BUIAJIKy B KOJi POTPaMH MU TIPOITUCYEMO:

A= 117
b =117

AHAJIOT1YHO YMHSATH 1 3 IHIIUMU YMOBAMHU, SIKMX HEMa€ y JTaHii 3a7adi.
Jlani po3risiHeMO MpUKIIaa Ha 3aCTOCYBaHHS 4eTBepTol Moaudikaiii ¢pyHkuii fmincon 3
nepeniky, HaBeaeHoro Buiie. [Ipukian MoskHa 3HaiTH y [7] (mepekiiaa aBTOPChKHiA).

[Mpuknan. 3HaiaiTe TOUKy MiHIMyMy ¢yHKIIT Po3eHOpoka Ha KoJii Ta 3a HasBHOCTI
JOJJAaTKOBUX OOMEXEHb. 3a1aHHs (YHKIIII:

fun = Q@ (x)100* (x(2)-x(1)"2)"2 + (1-x(1))"2;
Oobwmesxenns Ha 3minni: 0 < x(1) <0,5,0,2 < x(2) <0,8:

1b = [0,
0.

2]
ub = 0

0 ;
5/ .81

Komno mae nientp B tout [1/3,1/3] 1 paxiyc 1/3. OOMexxeHHS 3aa€ThCS 32 JOTIOMOTOI0
¢yHkuii, Ha3BaHOi circlecon:
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function [c,ceqg] = circlecon (x)
c = (x(1)-1/3)"2 + (x(2)-1/3)"2 - (1/3)"2;
ceq = [];

OckinbKH ~ JIHIKHUX OOMEXEHb HEMae, TO I  BIANOBIIHMX  apryMEHTIB
BCTaHOBJIIOIOTHCS 3HAYCHHS [ ].

A= 1];
b = [];
Aeq = [];
beg = [];

Bubupaemo mouaTkoBy TOUKY, sIKa 33JOBOJILHSIE BC1 OOMEIKEHHSI.
x0 = [1/4,1/4]1;
Po3B’si3yemMo 3amauy:

nonlcon = @circlecon;
x = fmincon (fun,x0,A,b, Aeq, beqg, 1b,ub,nonlcon)

3HaliIeHUH JIOKATBHUA MIHIMYM, SIKAH 337J0BOJIHHSIE OOMEKEHHSI.
Local minimum found that satisfies the constraints.

Optimization completed because the objective function is
non-decreasing in feasible directions, to within the value of
the optimality tolerance, and constraints are satisfied to
within the value of the constraint tolerance.

0.5000 0.2500

3. 3a1aya npo HEeHTP Mac HAXUWJIEHOT CKISTHKH 3 BO/I0I0

3.1. Ilocmanoexa 3a0aui ma nobyooea mamemamuyHoi mooeui

PosrimsitHeMO Kpyrily CKISIHKY, y SKy HajJWTa ITI€BHA KUIBKICTH BOJIU. YSBIMO, IO
CKJITHKA TIOCTaBlieHa Ha pedpo 1 HaxWieHa TakK, 10 BOHA MepedyBae y CTaHi piBHOBaru. 3
OTJISITy Ha Te, 10 00JacTh OMOPU € ab0 TOYKOI abo TOCTATHHRO MAJIMM MHOTOKYTHHKOM
(HampuKJIaa, TPUKYTHUKOM), 3MOJAETIOEMO O0JacTh OINOPU CKISHKU OJHIE€I0 TOYKOIO 1
BB2XaTUMEMO, IO HEHTP Mac MPOEKTYEThCS Yy MO TOYKY. 3ajava IOJATae y TOMY, 100
BU3HAYMUTH, SIKIM KIJIBKOCTI BOAM Yy CKJISIHI, PO3MIIEHI B omucaHuil BUILE CcIoci0,
BIJINTOBI/1a€ HAWHWIKYE MOJIOKEHHS 11 IIEHTpa Mac.

3MO/IETI0EMO CKJISIHKY TIOPOKHUHHUM LMJTIHJPOM pajiiyca 7y 31 CTIHKaMH TOBILUHOIO d
JIHO € CyHiIBHHM HWIHIAPOM BHCOTOW hy'i pamiyca ry. 3 Orsay Ha CHMETPUYHICTDH
CKJISIHKH, JIOCTaTHBO PO3B’SA3aTH 3aJlauy JJIsi OCbOBOT'O Mepepi3y CKISHKH, 110 Mae Burisg U-
noaiOoHoi macTuHu. Ha prucyHky 2 HaBeZieHO cXxeMaTH4IHe 300payKeHHS Tepepi3y.
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N

A

”Lu-t-d,

Puc. 2. OcroBuii epepi3 CKISHKU 3 BOJIOIO
Fig. 2. The axial section of a glass of water.

Ha pucynky 2 dyepe3 h; 1 h, mo3HadeHO MapameTpH, SKi ONUCYIOTh pPiBEHb BOAM B
HaXWUJICHOMY CTaKaHi.

Jis oOuucieHHs KOOpJIMHAT IIEHTpa Mac BBEIEMO CHCTEMY KOOpPAMHAT Tak, SK
NOKa3aHoO Ha pUCYHKY 2. BuxopucroByrouu ¢dopmynu (1), 3HaiiieMo KOOpIMHATH LIEHTpa
mac. Jlnsg uporo norpioHo 3uaiitu My, My, Ta m. Tak AK DOCIIDKYBaHE TIIO CKIANAETHCS 3
JIBOX PEYOBHMH, TO M PO3MHMIIETHCS HA J(Ba IHTErpaidd (MO CKIy 1 MO BOAi). A, OTKe,
00YMCIICHHS 3BOAATHCS 10 OOYMCIEHHS IO MIepepi3y CTakaHa i BOJIU:

m = uJf , dxdy + p,Jf , dxdy
ne D. — obmacTek mepepizy 3 pucyHKa 2, 3aloBHEHa CKJIoM, Dy — o0nacTh nepepizy 3 pucyHka
2, 3al0BHEHA BOJIOI0, [, Uy — BEJIMUMHM, TPOMOPIIIIHI TYCTUHAM CKJIA 1 BOJH, BIAMOBIIHO (3
OJIHUM 1 THM K€ KOE(]II[IEHTOM MPOMOPLUIHHOCTI). 3BIJACH CIIIY€E, 10 BIIHOLICHHS ﬁ piBHE

BIIHOIIEHHIO TYCTUH CKJa 1 BOAHW, TOOTO, HAOMMKEHO 2,6. 3HAXOAUMO Scina Ta Sgony, IO

piBHi interpanam J[ D, dxdy Ta [[ p. dxdy, Binnosinuo. OTpuMaemo:
Sexna =2d * (hg — ho) + 2hy/ (1 + d)

hithe
219 = 19(hy + hy)

BOOM — T
3BiJICH 3HAXOIMMO Macy M.
m = #c(Zd “(hg — hg) + 2hg(ry + d)) + pgro(hy + hy)
= ‘UC(ZdhO - Zdh(,) + Zh(l)ro + Zh(,)d) + :u'BTO(hl + hz)
= uc(2dhg + 2rohy’) + paro(hy + hy)
OT)Ke, m = MC(Zdh’O + zrohol) + ‘uBro(hl + hz)

Hacrynuum xpokom Oyze nomyk My Ta M,,. AHAIOTIYHO, TaK K TOCIIDKYBAHE TiIO
CKJIaIA€ThCs 3 JBOX PEYOBHMH, TO M, Ta M, pO3nHMINEThCA Ha [Ba iHTErpamu (Mo CKiy i mo
BOJI1).

VY pe3ynbTaTi NpoBeIeHUX 00PaXyHKIB OJIEPKYEMO:

hy+h, h2—h? h,—h, h3—-h}
M, =y, 1 2 2 1, 1 N2 1
2 2 21y 3
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M, =p

(hy + hy)? + ro(hy — hy)?
i 8 2
dZ

a(hg — h) = (rod + 5 ) - (4 — )
2

+ U

Toni KooOpAMHATH IIEHTPAa Mac OOYUCITIOBAaTUMYThCS 3a (hopMytamu:
4 <h1+h2 h3-h? hy-hy h§—h§>
B

2 2 219 3

= 2
€ uc(2dho+2rohon)+psro(hy+hy) ( )

d(hé-h%’)-(romdz—z)-(hg-h(,z)

2
Toh
2 ofo

hq+hy)? hap—hq)?
#B((ISZ) =To( 22 1) )"‘Iic

Ye = uc(2dho+2roho)+usro(hythy) (3)
TakuM 4YUHOM, KOOpAMHATH LIEHTpa Mac € (QyHKUisMd Big hqy 1 hy, 1 Big 1HIIKUX
napameTpiB. 3aada 3BOJUTHCS JI0 TOTO, 100 3HAWTH, IpH SIKUX A4 1 h, BiICTaHb Big IEHTpa
Mac 70 Touku N (KyT CKISHKM, Ha SIKOMY BOHa CTOITh) Oyae HaiimeHmowo (quB. Puc. 3
Huxkue). [Ipu npomy i BpaxyBatu, IO CKIIsSIHKA rnepedyBae y craHi piBHOBaru. Lle o3Hauae,
1o ii HeHTp Mac MPOEKTYEThCs y TOuKy N, 10 MareMaTuyHO MO>kKHa onucatu Ttak: (M N) L
(AB), To0OTO, mpsMa, IO NPOXOAUTH YEpe3 LIEHTP Mac 1 TOYKY OIOpU CTaKaHa,
NEepIEHINKYJIIPHA A0 PiBHS PIAMHU y cTakaHi. TakuM YMHOM, MAaEMO 3a/1a4y Ha YMOBHHU
eKCTPEMYyM:

M.N? = (x, + 19+ d)? + (y. + hy')? > min (4)
32 YMOBH:
(McN) L (4B). ®)
Abo:
M.N? = (x, + 19+ d)? + (y. + hy")? > min (6)
32 YMOBH:
2ro(x¢c + 19+ d) + (hy — hy)(y¢c + hy) = 0. (7)

o

”A\

N 'Lo+c{,

Puc. 3. [lo3HaueHus Touok 4, B, N Ha 0CbOBOMY Iepepi3i CKISTHKH
Fig. 3. The designation of points 4, B, N on the axial section of the glass
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3anava (6) — (7) Oemo CupoCTUTHCS, SKIIO BBECTH 3aMiHY:

p1=hy —hy,py =hy + h,. (8)
Toni hopmyu st 0GUHCICHHS KOOPAMHAT [ICHTPA MaC MaTHMYTh BUTJISII:
_ _ Ms(=6Top1p3+pE (3p3+pT) )
¢ 24ro(uc(2dho+21oho) +1sToP2)

2 2 2
3p2+2rg9p d
pp CEEEZEOPL 4y (- if) - (rod+ 5 ) (RE—hiR) ~2r0n?)

Ye = (10)

2(uc(2dho+2roho)+psToP2)
Bianmosinxo, 3amava (6) — (7) nepenuiieTbesl y BUTIISAIL:
M.N? = (x, + 19+ d)? + (y. + hy")? > min (11)

3a YMOBHU:
2ro(xc + 19+ d) = p1(yc + ho) =0, (12)
Ie X¢ 1y obuncioThes 3a popmyaamu (9) — (10).

Sxmo 3acTocyBaTH A0 Ii€l 3adadi TEOPIF0 YMOBHOTO EKCTPEMyMY, TO OTPHUMAEMO
CHUCTEMY TpbOX HENIHIMHUX PIBHSIHb 3 MapaMeTpaMH, SKy pO3B’s3aTH aHAJTITHYHO
npo6aeMarnuno. ToMy pO3IISIHEMO YACTHHHHMM BHUIAMOK (I KOHKPETHOI CKISHKH): hy' =
2cm;d =0,2cem;19 = 3,61 cM; hy = 26 cM. Y TakoMy 4acTUHHOMY BUMAJKy 3aaaya (11) —
(12) matume BUTISII:

2
NZ = 21319,1 + 1191,65p, — 21,66p,p2 + 3p2p3 + pi
5595,56 + 312,77p,
2077,9 + 3p2% + 7,22p% + 173,28p, ? )
- min
1550 + 86,64p,

Cc

3a ymoBu: f; = 0, 1e
_ 799 21319,1 + 1191,65p, — 21,66p;p5 + 3p?p3 + pt
h=7 5595,56 + 312,77p, P1
2077,9 + 3p3 + 7,22p? + 173,28p,
1550 + 86,64p,

Jnst po3s’si3aHHs 1i€l 3amaul ckopuctaemocs ¢yHkiiero fmincon, onucanoi Buiie. 3a
JIONIOMOT 010 11i€l (PyHKIIIT OTpUMy€eMO TOUKY MiHIMyMy: p; = 3.3830; p, = 13.7545. Tekct
poTrpaMy HaBeIEHO HIDKYE:

x0=[4.5,9.5];
A=[];

b=[];
Aeg=[];
beg=[1];
1lb=[-5,5]

ub=[14,147;

x=fmincon (@f, x0,A, b,Aeq, beq, 1b,ub, @f1)

function c=f (p)

c=((-
21.66*p (1) *(p(2) "2)+3* (p (1) "2) *(p(2) "2)+(p (1) ~4)+21319.1+1191.
65*p (2))/(5595.56+312.77*p(2))) "2+ ((2077.94+3*(p(2)"2)+7.22* (p(
1)72)+173.28*p (2)) /(1550+486.64*p(2)))"2;

end

function [c,ceq] = fl(p)

c =[]

ceq = 7,22%( (-

21.66*p (1) *(p(2) "2)+3* (p (1) "2)*(p(2)"2)+(p(1l)"~4)+21319.1+1191.
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65*p (2))/(5595.56+312.77*p(2))) -
P(1)*((2077.943* (p(2)"2)+7.22* (p(1)"2)+173.28*p (2))/ (1550+86.6
4*p(2)));

end

3. PesyabTaTn
BpaxoBytoun 3aminy (8), 3Haiinemo hq, h,, fKi BU3HAYalOTh PIBEHb BOAM 1 HAXMI

ckisiHKM: hy = 8,565; h, = 5,185. 3Bigcu 3HaX0AMMO piBeHb BOAW y HEHAXWUICHOMY

. (hithy) _
TMOJIOXKEHHI: ———— = 6,875 cMm. TakuM YHHOM, SKIIO y CKISHKY, IO 3HAaXOAWUTHCS Yy

HCHAXHMIJICHOMY IIOJIOKEHHI, HAJIUTH BOAM 1O piBHA 6,875 cMm, mocrtaButH ii Ha pedpo i
HaXWINTH Tak, 1mo0 BoHa mepedyBaja y CTaHi pIBHOBarW, TO LIEHTP Mac TaKOro Tisia
3aiiMaTIMe HaWHW)KYe MOJOKEHHsS (NMOPIBHAHO 3 MOJOXEHHSAMU IIEHTpa Mac AU 1HIINX
PiBHIB BOIIN).

3a pesynbTaTaMM HPOBEIEHUX OOUYUCIEHb CTYJIEHTaM IPOMNOHYEThCS IPOBECTU
EKCIEPUMEHT, SIKUI MOJIsirae B TOMY, 00 cpoOyBaTH JOCSATTH PIBHOBard Ha MOHETI IS
CKJISIHKM 13 33JlaHUMH MapaMeTpaMu 1 piBHeM Bojau. Hurkye HaBeleHO pe3yibTaTd TaKOIro
EKCIIEPUMEHTY, JIJIS IKOTO OyJia BuOpaHa MoHeta HoMmiHasioM 10 TpH. B pe3ynbTaTi 1eKiIbKOX
Crpo0 BAAIOCS JOCSTHYTH PIBHOBArd (IMB. PUCYHKHU 4a-4B).

a B

Puc. 4. EKCiepyMEHT 31 CKIISSHKOIO 3 BOJIOIO TIPY 3HAYEHHSIX TTapaMeTpis hy' =
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2cm;d = 0,2 em; 19 = 3,61 cm; hy = 26 cMm.
Fig. 4. The experiment with a glass of water with hy’ =2 cm;d = 0,2 cm; 1, =
3,61 cm; hy = 26 cm.

4. BucHoBKH

VY cTarTi 3amponoHOBAaHO MDKIUCHMIUTIHADHUNA HABYAIBHUNA MPOEKT «OOUnCIeHHsS
LEHTpa Mac HAXWJICHOI CKJISHKU 3 BOAOK». CyThb MPOEKTY MOJSTae B TOMY, IO CTYJIEHTH
PO3B’SI3yI0Th JOCIIIHUIBKY 3a7jady Mpo OalaHC CKISHKH 3 BOJOIO, 1 B MPOLIECl PO3B’A3aHHS
3aKPITUTIOIOTh 3HAHHS 3 JTUCHMIUIIHE «MaTteMaTnyHui aHaii3: QyHKUIl KITbKOX 3MIHHHX» Ta
3HaloMIATheA 3 qucuuiutinamu « Teopetnyna mexanika» 1 «IIporpamyBaHHs Ta MaTeMaTU4H1
NaKeTH», 10 BUKJIANAIOTHCS 3TiAHO HAaBYAIBHUX IUIAHIB CTyAeHTaMm creriansHocTi 111
Matematuka UepkacbKoro HalllOHaJILHOTO YHiIBepCUTETY iMeH1 b. XMenbHUIIBKOTO.

3amaya moysrae B TOMy, 00 BU3HAYUTH, CKUIBKH BOJU TpeOa HATUTH Yy CKISHKY, IO
CTOITh HaxXWJICHO Ha peOpi, moO ii MEHTp Mac Iiclsg 3pIBHOBAKEHHS 3alHSAB HaHWKYE
noJIoKeHHs. J[7si po3B’si3aHHSA 3ajavi HEOOXIJHO 3acCTOCYBaTH IOHATTS IIGHTpa Mac 1
CTaTMYHOTO MOMEHTa Ta METOJIW ONTHUMi3zallii (yHKIIi KUIBKOX 3MIHHHUX, 110 BBOJASTHCS B
Kypci «MaremaTnuHuii aHamiz: QyHKIII KUTbKOX 3MiHHHX». [Ipm 1poMy CTyaeHTH
TI3HAIOTHCS, IO MOHSATTS LIEHTPA Mac Ta CTATUYHOTO MOMEHTA € OJHHUMHU 3 0a30BUX MOHSTh
TEOPETUYHOI MEXaHIKH, a 3ajady ONTUMI3aIlii, 10 BUHUKAE B TPOIECI JOCHIIKCHHS, HE
MO>KHA PO3B’SI3aTH aHATITUYHO, & TOMY MOTPiOHO 3aCTOCYBATH YMCENIbHI METOAHM ONTHMI3allii,
Hanpukian, ¢yukmiro fmincon makery Matlab. ITicist mpoBeaeHOro AOCTIIKEHHS CTYICHTH
MPOBOASATH JOCIHIJ, y SIKOMY 3pIBHOBaXXYIOTh Ha MOHETI CKJISTHKY 3 PI3HOIO KUIBKICTIO BOJH,
30KpeMa, 3 TOIO KiJIbKICTIO, SIKa OyJia OTpHMaHa B pe3yJIbTaTi TEOPETUYHOTO JTOCIIIKEHHS.

[Ticns BUKOHAHHS JOCTIKEHHS B paMKax MPOEKTa CTyAEHTaM MPOMOHYIOThCS IS
CaMOCTIMHOTO pPO3B’si3aHHS MonauGikamii omucaHoi 3amayi Mpo LEHTP Mac CKISHKH, KOJH
HAKJIAJal0ThCsl JOJATKOBI yMOBHM: 1) CKJISHKAa HaloOBHEHA JEKiIbKOMa piAMHAMH, SKi
PO3MIILIYIOTBCS IIapaMy, 10 HE 3MIMIYIOThCS (KOMIIO3UTHHUIM Martepian); 2) CKIsSHKa Mae
dbopMy, BIAMIHHY BiJl IUIIHIPUYHOI.

VY BCTynHIM YacTHHI ONMKCAHO 33/a4y NMpo OajaHC CKISHKHU Ta ONMKUCAHO CYTh MPOEKTY. Y
JIPYroMy pO3JIiJli HaBeEHO OCHOBHI BIJIOMOCTI MpPO ILIEHTP Mac, CTAaTUYHUN MOMEHT Tinia,
¢Gyukuii onrumizamii makery Matlab. JIpyruit posmin micTHTh po3B’s3aHHS 3ajadi Mpo
00YMCIIEHHS LIEHTPa Mac HaXWJICHOT CKIISTHKU 3 BOJIOIO ISl KOHKPETHUX MapaMeTpiB CKIISTHKU.
[1e po3B’s3aHHs JomIOMarae BUKJIaJjaueBl OpraHizoByTH poOOTY CTYJEHTIB HaJl IPOEKTOM.
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“MASS CENTER CALCULATION OF ATILTED GLASS OF WATER”
INTERDISCIPLINARY EDUCATIONAL PROJECT

In the paper the “Calculation of the center of mass of a tilted glass of water”
interdisciplinary educational project is proposed. The project involves consolidating the
concepts of a static moment and center mass of the body, methods for finding
absolute extrema for a function of several real variables, by solving a research problem. The
problem is to determine how much water should be poured into a glass that is tilted on its
edge so that its center of mass takes the lowest position after balancing. Balance problems
are quite common on the Internet: users upload videos in which they demonstrate their ability
to maintain stable balance of various objects (glasses, cans, bottles, stones, etc.). A natural
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question arises: how to achieve the balance of an object? The ability of an object to be in
stable equilibrium is closely related to the position of its mass center. The position of the mass
center of a glass of water depends on the level of the liquid in it as well as on the inclination
of the glass. Within the framework of the project, this dependence is investigated by methods
of mathematical analysis and numerical methods, which are implemented by tools from the
Matlab programming and numeric computing platform. The paper provides a solution to the
problem of the center of mass of a tilted glass with water, for specific values of the
parameters of the glass. The solution aims to help the teacher organize the students' work on
the project.

As part of the project, students are invited to: a) solve the problem of balancing a glass
theoretically; b) conduct a study in which they try to balance a glass with a different amount
of water on a coin, in particular, with the amount that was obtained as a result of a
theoretical study; c) draw conclusions based on the results of the conducted experiment. An
important feature of the project is that in the process of working on it, students are also
familiar with the disciplines “Theoretical Mechanics” and “Programming and Mathematical
Packages ”, which are taught in accordance with the curriculum for students of the specialty
111 Mathematics at the Bohdan Khmelnytsky National University of Cherkasy.

Keywords: center of mass, equilibrium, balance, glass, interdisciplinary educational
project, Matlab.
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CIIEKTPAJIBHI XAPAKTEPUCTHUKU S — TIOAIB, BUPOIIIEHUX HA
OCHOBI ®OCPIAY I'AJITIO

Hocnioxcysanuce ¢hocghioo-eaniei comonepexioni ceimnooioou (C/l]), eupowyeni
enimaxciitHum memooom Ha MOHOKpucmaniyniu niokiaounyi GaP, odeparcanii i3 kpucmana,
supoujeno2o memooom Hoxpanvcokoeo; N- ooracme nezysanace Te ma N; p — obracme — Zn.
V' cnexmpi enexmpontominecyenyii npu 77 K euaeneno ninii excumona, 38’A3aH020 Ha
i30enekmponniti  domiwyi N ma wna napax cycionix amomie NNi i3  ¢gononnumu
NOBMOPEHHAMU, O00CNI0NCEeHA IXHA MmeMnepamypHa CmabilbHiCmb mMa 3aN1eHCHICMb  8i0
genuyUHYU cmpymy iHocekyii. Busnauema memnepamyprha cmabilbHiCmb mMa  eHepeis
axmuenocmi 000x cmye. Ilposedeni oyiHku KoepiyieHma NOWKOOINCEHHs Hacy Hcummsi
HeOCHOBHUX Hociie cmpymy. [Ipoananizoeano moxciuei eapianmu Mexamizmie opmyeanHs.
obracmi  6i0’emHo20  Oughepenyiarvnoco  onopy  (BJO) Ha  eonvm-amnepHux
xapakmepucmukax (BAX) Oocnidxcysanux 3paskie. Bucnognioemvcia npunyujeHHs, uo
Hauimogipriwumu npudunamu eunuxnenns B/[O y CI GaP moorcna esaxcamu miswcoonunne
nepeHeceHHs HOoCiie ma Cynymuitl oMy IHHCEKYIHO-PeKOMOIHAYIUHUL MEXAHI3M NOCUNEHHS.
CMpymy.

Mema euxonanoi Hamu podbomu nonsicac 8 YMOUHeHI NPUpooU CHeKMpAalbHUX
3axoHomipHocmetl, enacmusux comonepexionum CJ{ GaP, eusnauenni xoncmanm padiayiinoi
CMIUKOCMI, @ MAKOXNC 8 YCMAHOBLEHHI MONCIUBO20 MEXAHI3MY GUHUKHEHHS OLIAHKU 8I0 €MHOI
oughepenyiiinoi nposionocmi na BAX C/] GaP.
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Bemanosneno, wo cnexkmp  ceiuenns  docnioncysanux C/ GaP(N) mpu 77K
CKNA0AEMbC 13 080X cMye Amaxt=346 HM ma Amax2=575 HM; eHepeis axmueayii KOMNCHOI
6ionogiono cmanosumsv E.1=37 meB ma E.=26 meB. IIpupooda eunpominiosanns 060x
gionosioae pekomoOinayii 36°3aH020 eKcumona Ha izoeaekmpouuiti domiwyi N. 3pocmanns
CMPYMY THICEKYII CYNpOoBOONCYEMBCS 30INbIUEHHAM [HMEHCUBHOCMI CIYEHHs, NPUYOM)
IHMEHCUBHICMb CMYeU 3YMOBIEHOI PeKoMOIHayielo eKcumona Ha izonvosarnomy amomi N,
3pocmac y mexcax 6cbo2o inmepsany memnepamyp eumipiosanusn 77300 K, inmencusnicmo
cmyeu, nos’szanoi 3 pexomobinayiero excumona Ha napax NNi1 3pocmae auwe 0o
memnepamypu 190 K, nicis woeo nouunae 3meHuLy8amucs.

Buseneno, wo y C/[ GaP 6 obracmi nuzvkux memnepamyp 90+77 K na BAX sunuxae
dinanka BJO. Ii sunuxnenns modce 6ymu 3yMoenene cninbHuM 6naU60M 060X MeXaHizmie —
MIJHCOOTUHHO20 PO3CIAHHA HOCII8 CIMPYMY Ma PI3KUM 3POCMAHHAM eleKMPOnposioHocmi 6asu
dioda 6HACNIOOK Oii C8IMI08020 NOMOKY, WO CMBOPIOE YMOBU 01 (YOPMYBAHHS 0OEPHEHO20
NO3UMUBHO20 38 A3K) 3a CIPYMOM.

KurouoBi cioBa: cBiTionmion, ompomiHeHHs, GaP, cnekrpanpHa XapaKTepHUCTHKA,
BiJI’ €MHHIA nrQepeHIianTbHAN ortip, BOJIbT-aMIIEpHA XapaKTEepUCTHKA,
€JICKTPOJIFOMIHECIICHITIS

1. Betyn
BaxumBa nepeBara romomnepexigaux citinomionis (CH), Bupomenux Ha 6a3i Gpocdixy
ramiro mopiBasHO 3 rerepornepexizaumu INGaN, AlGaN Tta in. — mpocrora TeXHOJOTriI

OJIepKaHHs, siKka 3abe3nedye iM MMPOTy 0o0sacTi 3acTocyBaHHS. OKpiM THUIIOBHX BHIAJIKIB,
Hapasl pO3BUHYJAch 3HauHa KUIBKICTh HANpPSMKIB BUKOPUCTaHHS SIK CaMOro Marepiaay —
MoHOKpucTasniB GaP s BUTOTOBJICHHS MPWIIAIiB HOBOTO THITY, TaK i JUIsi CTBOPEHHSI HOBUX
MIKpOEJIEKTPOHHUX MOJYJIIB 13 pO3MUPEHUMH (PYHKIISIMU Ha OCHOBI Tpanuuinuux CJI.

Astopu poOiT [1, 2] 3a3HauaroTh, 1o cTpykTypa GaP Ha i3ossTopi (GaP —on insulator)
MOXE CIY)KUTH TUIATGOPMOIO Ul HENIHIMHOI ONTHUKM MpH BHUKOPHCTAHHI MPSMOTO
CIOJyYEHHSl IUIACTUH 1HTETPOBAHUX XBUJIEBOJIB Yy TEJIEKOMYHIKAIIHHOMY Jlana3oHi.
EdextuBHa reHepaiiss Apyroi TrapMOHIKM Yy HaHO(DOTOHHUX KOHCTPYKIISIX Ha OCHOBI
JIENEeKTPUYHUX HAHOCTPYKTYp BHMarae MaTepiaiiB 13 BEIMKUM 3HAUEHHSM KBaJpaToOBOIi
HEJNIIHIAHOT CHPUSATIMBOCTI, HU3bKMMM BTpPAaTaMd Ta 3HAYHUM IIOKA3HUKOM 3aJIOMJICHHS.
®docdin raniro sikpas 1 HaJIeKUTh 0 KPUCTAJIB, K1 33JOBOJIbHIIOTH HEOOXI1THI BUMOTH.

ABTOpH [2] 3anponoHyBaIy METO]I MiIBUILIIEHHS KPUCTAIIYHOI IKOCTI moBepxoHb GaP,
sKa TOB’s3aHa 3 HENIHIHHICTIO Apyroro nopsaaky. IIpsme 3pocranns mapy GaP nHa candipi
TIOJITIIITY€ ONTHYHUI KOHTAKT MK pE30HAHCHIMH HAaHOYACTHHKAMM Ta ITi KT THHKOIO.

VY poboti [3] HaBeneHi pe3yabTaTd BUpOLIyBaHHS mmapy po3uuHy GaPASN Ha
nigknaguaii GaP, y pesynbraTi woro oxepkano «Oimuit» CJI i3 yabTpammpoKuM CIIEKTPOM
BunpomiHioBanHg 350 + 1050 HM, Akuil mepekpuBae BCIO BHUIMMY OO0JIAaCTh Ta YaCTHHY
ommkaporo Y — miama3zony. Binmidaerbes, 1O CBITJIOBHM TMOTIK, TPOXOASYH depes3
niaknaguaky GaP, BTpayae CBOIO KOPOTKO-XBHIJIBOBY YAaCTHHY.

docdig ramito MOXKE TaKOX CIYKWTA OCHOBOIO [IJIi BHTOTOBJICHHS Ja3epiB
KoMOiHariiiHoro poscitoBanHs. [Ipononyerscs [4] monens nazepa Pamana, sikuil mpaitoe y
BUAMMOMY Jiama3oHi 3 HaHomwtiHIApuIHUM GaP pe3oHaTopoM; po3Mip Hpuiaga — MEHIIHA
JOBKUHU POOOYOT XBUITI.

Hanonporu GaPAS/GaP- 0CHOBHHIA €IEMEHT JIETKHX TTOBHOKOJIbOPOBHX JUCILICTB, SKi
BUKOPHCTOBYIOTBCS Yy TEPEHOCHHX OIOMEIMYHUX Ta TPAHCHOPTHUX TPHCTposix [5].
PesynbraTi MoCTiXKEeHb, BUKOHAHHX Yy po0OoTax[6-8], mokazamu, 1Mo BHUCOKOSIKICHI JPOTH
MaroTh BEJIMKHUH MOTEHIia) 4711 JOHOHHUX Ta ONTOEIIEKTPOHHUX JAOCIIHKEHb.
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BronuB CTpyKTypHUX MOLIKO/KEHb Ta JAe(eKTiB paaiallifHOro MOXOKEHHS Ha
xapaktepuctukun CJ[ GaP BHBYEHO HENOCTaTHBO. Y TMEpPEeBaKHIM OLIBIIOCTI IMyOJiKaIii
ABTOPU 30CEPEIKYIOThCSI Ha JIOCHIDKEHHI AeTpaialliiHuX SBUI, SIKI CTOCYIOTHCS 3MiH
JFOMIHECIIEHIIIT Ta Aerpajalii 4acy »KHTTsS HCOCHOBHUX HOCIIB 3apsay[9-15].

3HIKEHHS BapTOCTI EJNEKTPOCHEPTii COHSYHOrO €IEeMEHTa MOXHAa JOCATHYTH
MOETHAHHAM CITOJTYKH A"BY 1a KPEMHIE€BOT MIIKJIAIUHKHA, BUPOIIECHOI 3a BIIHOCHO JCIICBOIO
texHojoriero. docdin ramiro — 3pydHHMA IS [Mi€i METH MaTepial BHACHIJOK OJIU3BKOCTI
napameTpiB TpaToK 000X HamiBMPOBITHUKIB [16, 17].

[TpuBenenuii BuIle KOPOTKUNA OIS OMYyOJIIKOBAaHUX PaHille pe3ysbTaTiB AOCIIIKEHb
MOHOKpHUCTamiyHoro GaP 1 CTpyKTypHHX KOMIIO3MIIIi Ha HOTO OCHOBI CBIIYUTH IIPO
aKTyaJbHICTh Ta MEPCHEKTHBHICTH MOUIYKY, COPSIMOBAHOTO Ha PO3MIMPEHHS OOJIACTI 3HAHB
PO MEXaHI3MHU PEKOMOIHAIIIHHUX TIPOLIECIB Y JOCIIKYBAaHUX 00’ EKTaX.

MeTta BHKOHAHOI HamMH pOOOTH TMOJIATAE B YTOYHEHI MPUPOIM CIEKTPaIbHUX
3aKOHOMIipHOCTeH, BiIacTuBux romornepexiiaum CJI GaP, Bu3HaueHHI KOHCTAHT pajialliiHOl
CTIHKOCTI, a TaKOX B YCTAaHOBJICHHI MOKJIMBOTO MEXaHI3My BUHUKHEHHS JUISHKH BiJ €MHOI
nudepenniitaoi nmporigHocTi Ha BAX CJI GaP.

2. EkcnepuMeHT

HocnigxyBanuck cBitnopiomn GaP Amaxi= 546 HM Ta Amaxe=553 HM; Cnekrpu
CIIEKTPOJTFOMIHECIICHIIIT 3HIMaHKCS 3a JormoMoroto criekrpomerpa Green-Wave (350-1150 1wm)
B iHTepBaii Temnepatyp 77°-290°K y mexax crpymiB [=1+20 mA. BenuunHa KBaHTOBOTO
BUXO/Ty 1| BUMIpIOBajacs Mpy KiMHATHINA TeMmepaTypi.

Bonbr-ammepni xapaktepuctuku (BAX) CJI 3mimamuce y mexax 77°+300°K 3a
JOTIOMOTOI0 aBTOMAaTUYHOTO MPHUCTPOI0 Y PEKHUMax TeHepaTropa CTpyMy Ta TeHepaTopa
Hanpyru. OnpomiHioBaHHA enekTpoHamu 3 E=2 MeB BinOyBanocs y iMITyJTb,CHOMY PEKUMI Ha
npuckoproBaui MJIY-6 31 ctpymom myuka I[=4 MA; TtemmepaTypa OINpPOMiHIOBaHHS
niaTpumyBanach 01u3bkoro 10 300°K 3aBasku IHTEHCUBHOMY TOBITPSIHOMY OXOJIO/KEHHIO.

['ycTiHa eneKTpOHHUX MOTOKIB 3MiHIOBAJIaCh BiJ 10%em? o 10%cm.

3. PesyabTaTn

Ha puc.1-5 noka3zani ciekrpaiibHi xapaktepuctuku CJ[ GaP, 3HaTI pu TeMiieparypax
77K, 125K, 175K, 190K Ta 300K. Bucoxoenepreruunuit ny0naer Amaxi= 546 HM Ta
Amax2=553 HM BUHHUKa€ BHACIIJIOK peKoMOiHallli 3B’S3aHOTO HAa aTOMl a30Ty E€KCHUTOHA 3
BUIIPOMIHIOBAHHSM TOMEPEYHUX aKyCTHUYHUX (DOHOHIB; HHM3BKOEHEpreTHUYyHa CMyra —
pe3yabTaT pekoMOiHaIlll eKCUTOHA, 3B’ A3aHOT0 Ha mapi HanOmmkunx atomiB NNi, sika Takox
CYNPOBOIKY€ETHCS HOHOHHOIO emiciero[ 14].
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1)
MOYKHA OLIIHUTH €HEpriro aKTUBALil CMYT Amax=546 HM Ta Amax=575 HM (Ea1=37 meB; E.2=26
meB — BiamoBigHo). JliHism N — 2 TA, N — 3TA BiactuBe 3pOoCTaHHS IHTEHCHUBHOCTI 31
301IBIIEHHSIM 1HXEKIiiiHOTO cTpyMy B iHTepBaii 77 + 300 K; iHTeHCHBHICTh peKOMOIHaIll Ha
cycigaix atomax a3oty NNi 3pocrae nmume no temnepatypu 190°K, micns goro moumHae
3MEHIIYBATHCh 1 CTa€ HemoMiTHOO Bxe pu T=225 K (puc. 3-5).

3anexnicts iHTeHcHBHOCTI JiHIT NNi — 2TA (A=575 HM) Big cTpyMy MOXXHa
IPOCTEXHTHU JIMIIE TPU HU3BKUX TeMIepaTypax, /16 BOHA MPOSBISETHCS JOCTaTHHO BUPA3HO.
YV mexax [=1+15 MA BoHa WMIBHIKO 3pOCTae€; MPOXOISYM yepe3 IIUPOKHH MakCUMyM —
MOBUIBHO 3MeHIyeThes michs [=20 MA. OgeBuaHo, mo uncno 6au3pkux nap NN1 B onusuI
00’eMy MOpPIBHSHO 3 YMCIOM OKPEMHUX aTOMIB a30Ty — MeHIIe. ToMy 3pocTaHHS CTpyMmy
IPUBOJUTH 10 LIIBUJIKOTO HacH4eHHs pekoMmOiHamiiHux 1eHTpiB NN1; moBiibHE 3MEHIIEHHS
IHTEHCUBHOCTI cBiueHHS micns [=20 MA HalliMOBIpHIIIE MTOB’s13aHe 3 TEIUIOBUM PYHHYBaHHIM
€KCUTOHIB, Jlisl IKOTO CTa€ MOMITHOIO JIMILE NMPH BETUKUX cTpyMax (=60 MA).

OniHka BIUTUBY OINPOMIHEHHS Ha 1HTEHCHUBHICTh BUIIPOMIHIOBAJIBHOI peKOMOIHAIIT
3IACHIOETBCS BBEJEHHSIM Koe(illieHTa TOIMIKOKEHHSI 4Yacy >KUTTS HEOCHOBHHX HOCIIB
sapany K. mis 103, e pi3HHI o0epHEHUX dYaciB >KHUTTS onpomiHeHoro CJ/] Ta BuXigHOTO
nponopiiiHa QIroeHcy

i — é = K, ®; 74 - yac )XUTTS HEOCHOBHUX HOCIIB CTpyMY y BUXIIHOMY J10/i;

To

= 1 + 74K;; Te- 4ac )KUTTA HEOCHOBHUX HOCIIB CTPyMY B OIIPOMIHEHOMY A10/I1.
o]
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To
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.. (Lo m
byHKIIIT (T — 1) :

Ha puc. 6 naBemeno ii Burisa s 3eneHoro CJI, konmu m=2/3 i m=1/3. Bubip
MOKAa3HMKIB 3aJIC)KUTh Bl MEXaHi3My MpoTikaHHsA cTpymy 4epe3 CJI: skmo mnepeBaxae
nudysiiina kommoHeHTa (koedimieHT HeimeanbHOCTI (N=1), M=2/3; Komu > OCHOBHA
KOMITOHEHTa CTpyMy — pekoMOiHarriina (n=2), m=1/3[13].

Lo, . Lo . . .
= — Tofi — — 1 = 7,K,® i K; BU3HAYa€ThCs 32 HAXHIIOM J03HOI 3aJICKHOCTI

12

10 m=2/3

m=1/3

0 0,5 1 1,5 2 2,5 3 3,5

m
Puc. 6 Jlo3Ha 3a1€XHICTh BEJIMYUHH (LL—O - 1) (Eex=2 MeB)

m
Fig. 6 Dose dependence of the value (LL—O - 1) (Eei=2 MeV)

VY nocnmipkyBaHuX Jiogax M=1,6, Tomy peanbHi BeIUYMHU Koe(illieHTa paaialiifHoro
TIOIITKOKEHHS 9acy JKUTTS HEOCHOBHHX HOCIIB 3apsiny 3eneHoro C/I 3HaXomsaThCs MK JBOMa
1 2

sHavennsamu. K3=0,45-10% cm?c? ta K3=1,18-10® cmc™; mst pospaxynky K. Bukopucrana
BenuunHa TG4 =8-107c[14].

B ocHoBi BUHMKHEHHS Bia eMHOro nudepenuiansHoro onopy (BJO) na BAX nioais
MOXYTb JIe)KAaTH pi3HI MEXaHI3MH, sKi 3/1aTHI 3a0€3MEeYUTH BHYTPIIIHIA MO3UTUBHUM 3B 30K
— MOABIMiHA 1HXKEKIIS HOCIIB CTpPyMy, BIUIUB PEKOMOIHAI[IfHOTO BHUIPOMIHIOBAHHS,
PE30HAHCHE TYHENIOBaHHs, crenrdika 30HHOI CTPYKTypH Ta iH. ABTopH [20], po3risiatoun
PI3HI KOHULENIl, CXWISIFOTBCS 10 TyMKH, 110 HU3bKOTEMIIEpATypHa OCOOJIMBICTH Yy BUIJISAL
BJ10, BusBinena na BAX CJ] GaP y mexax 90+77 K, 3ymoBnena ctpykryporo C — 30HH.

IIpu oOroBopeHHI MexaHI3My icHyBaHHS mo3uTHBHOTO 3B’si3ky y CJI GaP crin
3BaKaTM Ha OOCTaBUHY, MO CBITJIOMION — JDKEpEeJOo IMOTY)KHOTO BHYTPIIIHBOTO
BUIIPOMIHIOBAHHS, 3/IaTHOTO 0araToOKpaTHO 301UIbIIYBAaTH KOHLIEHTPALI0 BUIBHUX HOCIiB Yy
0a3i, & BIATAK 1 CIPUYMHATH NOJANIbIIE HAPOCTAHHS CTPYMY. SIKIIO CTpiMKe MaaiHHS HAIPyTH
Ha CJI 1 30iabmeHHs cTpymMy micas T. A (puc. 7) 3yMOBIEHE BIIKPUTTIM
0€3BUINPOMIHIOBAJILHOTO peKOMOIHAIIIIHOTO KaHay, IHTEHCUBHICTh TOBUHHA P13KO 3POCTATH.
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Fig. 7 CVC of the original and irradiated with electrons with E=2 MeV, ®=6.5-10%
-2
cm

Ko x 3poctanns cTpymy micist BXokeHHs aioga y pexum BJIO (puc. 7) 1. A, =15
MA, U=13 B) BinOyBaeThcs uepe3 TOi caMuil, ajie BUIPOMIHIOBAJIbHUM KaHaJl, IHTEHCUBHICTh
cBiueHHs CJ] TakoX MOBUHHA CKAYKOIMOIIOHO 3pOCTaTH; 3 puc. 1 BUAHO, mo y Mexax 15+20
MA BOHa 3MIHIOETHCS TIOCTYIIOBO.

Tperiit mMoxnuBuii BapianT - BuHuUKHEHHs BJIO 3ymoBieHe (opmyBaHHS HIHypa
CTPYMy 3a y4acTi BUIIPOMIHIOBAJBHOI'O KaHaJy, ajie 1HIIOi MPUPOIH, TOJI Y CIEeKTpi mMana O
BUHUKHYTH JIOJIATKOBA CMYyTa.

IIpoTe HacmiAKK BUCIIOBIEHUX MPHUIYIIEHb €KCIIEPUMEHTAIBHO HE CIIOCTEPIraloThCs
(puc. 1-5)

Otxe, mepexin no crany BJIO y nocnipkyBaHMX Jiofjax He 3MIHIOE TNPHPOJIU
1HXEKI1HHO-PEKOMOIHALIIHHOTO KaHAJIy CTPYMOIIPOTIKAHHS.

ITo3uTHBHUI 0OepHEHMH 3B 30K 32 CTPYMOM MOK€ BUKOHYBATH K FOJIOBHY (DYHKIIiO
npu (GopMyBaHHI HETaTUBHOTO OIOPY, TaK 1 BIAIrpaBaTH pojib JOAATKOBOro (hakTopa, 1110
CHpUsi€ MOCUIICHHIO e(eKTa MIKAOIMHHOTO PO3CISSHHS HOCIIB, BUKOPUCTAHOTO Yy poOoTi [20]
Ut OOTpyHTyBaHHs MexaHi3my BuaukHeHHst BJIO y CI GaP.

4. BucHOBKH

Bcranosneno, 1o cmektp cBiueHHs gociimkyBanux CJI GaP(N) mpu 77K
CKJIQAETBCA 13 JIBOX CMYT Amax1=546 HM Ta Amax2=575 HM; €Hepris aKTHUBaIlii KOXKHOI
BIIMOBIAHO CTaHOBHUTHh Ea1=37 MeB Tta E.»=26 wmeB. Ilpupoma BumpomiHIOBaHHS 000X
BIJINOB1/Ia€ PEKOMOIHAIlT 3B’3aHOTO €KCUTOHA Ha i30enekTpoHHIN momimil N. 3poctaHHs
CTpyMy 1HXKEKLIi CYNPOBOJKYETbCS 3O01TbIIEHHSIM IHTEHCUBHOCTI CBIYEHHS, HPUUOMY
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IHTEHCUBHICTh CMYTH 3YMOBJICHOI PEKOMOIHAIi€}0 €KCHTOHAa Ha i30Jb0BaHOMY aTomi N,
3pOCTaE y MeXax BChOTro IHTepBaldy TemiiepaTyp BumiproBanHs 77+300°K; iHTEHCHBHICTh
CMYTH, OB’ A3aH01 3 pekoMOiHawieto ekcuToHa Ha nmapax NN1 3pocrae numie 10 Temneparypu
190K, micas 4oro MouMHAE 3MEHITYBATHCh. 11 HIKYA TepMOCTAGiIbHICTh HACTIIOK MEHIIO]
rmbuan  3anmsrands  piBHA NNi. Bennmumna koedimieHTa NOMIKOKEHHS 4Yacy JKUTTA
eIeKTPOHAMH 3HAX0UThes B Mexkax (0,11+0,45)-10% cm?c™.

Busieneno, mo y CJI GaP B o6nacti Hu3pkux temneparyp 90+77 K na BAX Bunukae
ninsaka BJ1O. Ii BuHuKHEHHS MOXe OyTH 3yMOBJICHE CIIJILHUM BIUIMBOM JIBOX MEXaHI3MIB —
MDKJIOTMHHOTO PO3CISIHHSL HOCIIB CTPyMY Ta Pi3KHMM 3pPOCTaHHSM €JIEKTPOMPOBIAHOCTI 6azu
JIiofa BHACIIAOK il CBITJIIOBOTO IMOTOKY, IO CTBOPIOE YMOBH JUIsl (hOPMYBaHHS 0OEpHEHOTO
MO3UTHUBHOTO 3B’SI3KY 32 CTPYMOM.
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SPECTRAL CHARACTERISTICS OF S - DIODES GROWN ON THE BASIS
OF GALLIUM PHOSPHIDE

Phosphido-gallium homojunction a light-emitting diode (LEDS) grown by the epitaxial
method on a single-crystal GaP substrate obtained from a crystal grown by the Czochralsky
method were investigated; n- region doped with Te and N; p — region — Zn. In the
electroluminescence spectrum at 77 K, exciton lines bound on the isoelectronic impurity N
and on pairs of neighboring NN1 atoms with phonon repetitions were detected; their
temperature stability and dependence on the value of the injection current were investigated.
The temperature stability and activity energy of both bands were determined. Evaluations of
the damage coefficient of the life time of non-main current carriers have been carried out.
Possible variants of the formation mechanisms of the region of negative differential resistance
(NDR) on the current- voltage characteristics (CVC) of the studied samples were analyzed. It
is suggested that intervalley transfer of carriers and the accompanying injection-
recombination mechanism of current enhancement can be considered the most probable
causes of the occurrence of NDR in GaP diodes.

The purpose of our work is to clarify the nature of the spectral regularities
characteristic of homotransition GaP LEDs, to determine the radiation resistance constants,
as well as to establish a possible mechanism for the occurrence of a region of negative
differential conductivity on the CVC of GaP LEDs.

It was established that the luminescence spectrum of the investigated GaP(N) LEDs at
77 K consists of two bands Amax1=546 nm and imaxe=575 nm; the activation energy of each is
Ea1=37 meV and Ea2=26 meV, respectively. The nature of the radiation of both corresponds
to the recombination of the bound exciton on the isoelectronic impurity N. The increase in the
injection current is accompanied by an increase in the intensity of the glow, and the intensity
of the band caused by the recombination of the exciton on the isolated N atom increases
within the entire measurement temperature interval of 77300 K; the intensity of the band
associated with exciton recombination on NN1 pairs increases only up to a temperature of
190 K, after which it begins to decrease.

It was found that in the GaP LED in the region of low temperatures of 90~77 K on the
CVC curve, a section of the NDR occurs. Its occurrence can be caused by the joint effect of
two mechanisms - intervalley scattering of current carriers and a sharp increase in the
electrical conductivity of the diode base due to the action of the light flux, which creates
conditions for the formation of an inverse positive current connection.

Keywords: LEDs, irradiation, GaP, spectral characteristic, negative differential
resistance, current-voltage characteristic, electroluminescence
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MODELING OF PATTERN FORMATION
OF THE ORDERED INTERMEDIATE PHASES
DURING CO-DEPOSITION OF BINARY THIN FILM

Formation of the intermediate phase patterns in the thin-film co-deposition process is
simulated using the Stochastic Kinetic Mean-Field method and Monte Carlo. Three basic
morphologies of the 2D sections are distinguished: (1) spots (rod-like in 3D), (2) layered
structures-lamellae, zigzags, and labyrinths (plate-like in 3D), and (3) net-like structures
(inverse to spot-like structures, when spots become majority and the surrounding matrix
becomes a minority). They are characterized and distinguished with the help of only one
special topological parameter.

Keywords: Co-deposition, reaction, diffusion, decomposition, ordering, pattern
formation, topological parameter, kinetic mean-field method, Monte Carlo.

1. Introduction.

Self-organization of two-phase structures (patterning) is a promising way of designing
new materials for photonics, energy conversion, and accumulation [1-4]. Thus far, it has been
mainly studied in the processes of directional eutectic crystallization, cellular precipitation,
and spinodal decomposition [5-8]. In this paper, we examine the less-known case of self-
organization: crystallization with pattern formation during co-deposition with a simultaneous
reaction of two species from the vapor phase (for example, by sputtering or molecular beam
epitaxy (MBE)). In particular, the co-deposition of immiscible components may provide
binary materials with concentration modulations, that exhibit excellent mechanical properties
[9-12]. Especially interesting for us is a paper [13] in which co-deposition by MBE led to
decomposition with retained coherent boundaries between the emerging new phases. Another
interesting example is related to ferromagnetic semiconductors and, in general,
semiconductors doped with transition metals. For example, GeixMny films obtained during
deposition (by MBE [14, 15] or magnetron sputtering [16]) demonstrate decomposition with
the growth of self-organized nanocolumns or nanoprecipitates. In our study, we limited our
simulations to the above-mentioned case when all boundaries between emerging phases
remained coherent during co-deposition.
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From a chemical point of view, the formation of new crystalline phases by decomposition
and ordering represents a solid-state reaction during deposition. From a physical point of
view, this is a sequence of phase transformations in an open system (the surface layer moves
with the deposition rate) driven by the in-flux from the vapor phase and the out-flux into the
crystalline phase. In our study, we limited ourselves to structural phase transformations during
co-deposition, forming a rigid FCC lattice (changing only occupation probabilities at the fixed
sites without changing the number and positions of sites). In principle, there are 3
possibilities: (1) decomposition into two solid solutions; (2) decomposition into a solid
solution plus the ordered compound L12; and (3) decomposition into two different ordered
compounds L12 and L10 (see Fig. 1(b,d)). Possibility (1) may be realized for alloys with
positive mixing energy, corresponding decomposition cupola at the phase diagram, and
corresponding W-shaped composition dependence of Gibbs free energy below the critical
temperature. Possibilities (2,3) correspond to a phase diagram with three ordered intermediate
phases (compounds), which are formed and have distinct boundaries with other phases due to
a combination of negative mixing energies at the second coordination shell and positive
mixing energy at the second coordination shell.
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Fig. 1. Two possible types of binary systems used for co-deposition modeling in this
paper are characterized by (a, b) composition dependencies of Gibbs free energy and (c,
d) phase diagrams.

(a, ¢): positive mixing energy and corresponding W-shaped g(C)-curve leading to
decomposition into two solid solutions (at least in the bulk, if the bulk diffusion is not
frozen).

(b, d): negative mixing energy for the nearest neighbors and positive mixing energy
for the next nearest neighbors, leading to the ordering of compounds within narrow
concentration ranges around 1/4, 1/2, and 3/4, and leading to decomposition into A3B
compound +A(B) solution or A3B compound + AB compound, etc., beyond the
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mentioned narrow ranges.

Puc. 1. /lga modicnueux munu OiHApHUX cucmem, wo 8UKOPUCTNOBYVIOMbCS OISl
MOOeN0B8AHHS CNIBOCAONCEHHS 8 Yill pobomi, Xxapakmepusyromuvcsi (a, b)
KOMRO3UYTUHUMU 3A7IeAHCHOCMAMU 8L1bHOT eHepeii [i06ca ma (c, d) ¢pazosumu
diazpamamu.
(a, c): nosumusHa eHepeisi 3miutyéanHs i 6ionogiona W-nooiona g(C)-kpuea, wo
npu3800ums 00 pO3NaAdy HA 08d MEEPOUX pPO3UUHU (NPUHAUMHI 6 00'emi, AKWO
00'emua Oughy3isi He 3aMOPOICEHA).

(b, d): eid'emna enepeisi 3miuty8anHs 05l HAUOAUNCYUX CYCIOI8 [ 000AMHA eHepeis
3MiWy8aHHsa 0Nl HACMYNHUX — HAUOAUdCYuUX — cycidis, o npu3eooums 00
BNOPSOKYBAHHS CHOJYK Y 8V3bKUX 0lana3oHax KoHyenmpayin onuzvko 1/4, 1/2 i 3/4, a
maxodic 00 poznady Ha cnonyky A3B + pozuun A(B) abo cnonyky A3B + cnonyky AB i
m.0., 3a MexHcamu 32a0anHux 8y3bKux 0lanasoHis.

In the recent Letter [17] the corresponding author of this paper jointly with A.Titova
obtained some first results in case 1 (positive mixing energy) concerning, first of all, the
qualitative behavior of patterns with variation of composition and initial (preexisting)
patterns. We found that under the condition of completely frozen bulk diffusion, the 2D
morphology in the atomic planes normal to the deposition/growth direction can be classified
using two basic patterns: spot-like (rods in 3D pictures) and layered (lamellar, zigzag, or
labyrinth), as well as mixed morphology (spots between layers or some layers between spots).
Such mixed morphology was obtained (in our simulations) for the composition intervals
(0.39-0.44) and (0.66-0.71), for all deposition rates. The influence of the initial conditions on
the resulting steady-state pattern was found only within these co-deposition composition
intervals.

Decomposition in general and during co-deposition may proceed in two different cases

1. Species A and B “don’t like each other”, which in the case of the regular solid solution
means positive mixing energy at the first coordination shell and existence of spinodal
decomposition region (instability in respect to smallest composition fluctuations) - see
Fig.1la,c. In this case, the decomposition is a direct consequence of energetic “dislike”.

2. Species A and B “like each other” (negative mixing energy within the first
coordination shell), especially in some special (stoichiometric) proportions, leading to
division into sublattices, providing the maximum possible number of AB interactions (bonds)
within the first coordination shell. The tendency to order at some specific stoichiometric
compositions becomes especially distinct if the mixing energy in the second coordination
shell has the opposite sign (positive). In this case, 2 the decomposition is a consequence of the
tendency to optimize (maximize) the number of AB bonds by the precipitation of one or both
ordered phases with different compositions (see Fig. 1(b,d)).

As mentioned above, we will work with a rigid FCC lattice. In binary cases, the following
three ordered phases are possible: A3B, AB3 with structure L1, (for example, an ideally
ordered A3B phase corresponds to A occupying the face centers and B occupying the vertexes
of elementary cubic cells), AB with structure L1o (for example, atomic layers (001)
periodically occupied by A and B).
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For modeling case 2, we need at least a negative mixing energy in the first coordination
shell. However (as mentioned above), to distinguish between phases A3B, AB, and AB3
(larger concentration gaps between them at the phase boundary), it is convenient to add
positive mixing energy to the interactions with the second coordination shell. We realize this
and check it below.

We model the situation when the bulk diffusion is frozen (temperature lower than 0.3T melt
in the case of a single-component system), so that the deposited atoms can move only within
the surface (before being buried by the deposition flux), or maximum by several atomic
planes inside.

In this paper, we focus mainly on the morphology of the resulting alloys after co-
deposition and reaction - in particular, on the dependence of this morphology on composition
CYP of the incoming deposition flux and on the ratio of deposition and surface diffusion rates.
Such dependence will be studied using a modification of the atomistic-scale stochastic
kinetic mean-field (SKMF) method (modification is described in Section II) and,
alternatively, by the standard Monte Carlo (MC) method. After this, we start the numerical
modeling of the topology evolution. One of the ways to quantify the morphology is to
introduce the special topological parameter of the 2D sections of the deposited thin film
(Section I1I). The simulation of pattern formation in case 2 (negative mixing energy at the
first coordination shell and positive mixing energy at the second coordination shell) is
presented in Section IV by KMF and by MC in Section V.

2. Modification of Stochastic Kinetic Mean-Field approximation (SKMF) for open
systems - the surface layer during co-deposition.

In numerical simulations we will keep in mind the following simplified picture of layer-
by-layer co-deposition: Let first the new atomic layer be deposited completely
instantaneously, and only after this, we “switch on” the surface diffusion for some fixed
number M of time steps. The diffusion proceeds via an artificial (but kinetically effective in
simulations) exchange mechanism within a non-linear “almost 2D” version of the recent
development of the stochastic kinetic mean-field model SKMF [18-23]. (This model was, in
turn, the development of a quasi-one-dimensional KMF model [24-26] including the dynamic
noise of the micro fluxes between the neighboring sites). The basic algorithm and free
software can be found in skmf.eu.

Interatomic exchanges are only permitted within this new plane, but the interaction
energies are considered for the nearest neighbors within this plane and just below this plane.
The number M of time steps for surface diffusion before the deposition of the new atomic
layer, at a fixed time step, is inversely proportional to the deposition rate. Mathematically, as
in all kinetic mean-field models, we numerically solved the set of master equations of
occupancy probabilities for all atomic sites:

The master equation for occupancy probabilities in the sites of a rigid lattice and with an
account of influx and out-flux is self-consistent and non-linear (frequencies exponentially
depend on energies, and energies are the linear functions of probabilities):

(—% = Y2 (—C,(0)Ca(in) [y (A®0) © B(in)) + Cz(0)Ca(in)[ip(A(in) © B()} (1)
0 <t< Mdt= %

The master equation (1) for the occupation probabilities is written only for the surface
layer, Z! being the number of nearest sites for exchange within the surface atomic layer.
Summation in eg. (1) is made only over sites within the same surface (top) atomic layer. In
the case of the (001)-plane orientation of the FCC lattice one has (1 < in < Z! = 4). § is the
thickness of the top atomic layer, within which only the exchanges are possible. For the
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(001)-plane orientation, & = =
Frequencies depend on the energetic barrier, which is the difference between the saddle-

point energy (which is not fixed explicitly but typically assumed to be common for all jumps),
and the known energy before the jump (atomic exchange) (E, (i) + Ez(in))

. . ES—(E4(D)+Eg(i
Lis(A(D) © B(in)) = voexp(— —— 24020 )

Energies are calculated in mean-filed approximation:

E, (D) = ZinLJEZl(CA(i')VAA + Cp(I")Wap) = (ZV + ZYWyp + (Vas — Vas) Zin”=+1Zl CA((i,;

3

Ep(in) = S5 (Ca(in')Vaa + Cp(in')Vag) = (2 + Z)Vpp + (Vi —

Vaa) B2 Calin)  (4)

In the case of co-deposition of the (001) planes of the FCC lattice, as mentioned above,

the number of nearest neighbors within the top plane (simultaneously, the number of possible

atomic exchanges) is Z' = 4, and the number of nearest interacting neighbors in the

preceding (subsurface) plane is Z+ = 4. “i” and “in” are two neighboring sites withing the top

atomic plane exchanging by atoms. At fixed “i” there are Z! = 4 possibilities for “in”. “i"* are

the nearest interacting neighbors of the site “i”, and their number is Z = Z! + Z+ = 8, in" are
the nearest interacting neighbors of the site in, and their number is also Z = Z! + zZ+ = 8.

Below we take for simplicity: V,, = 0, Vgg = 0, V45 = Ehix- Then

I15(A() © B(in)) = voe ™/ kTexP[E,‘(“—TiX (Z = X521 Ca(@) + X=1 Ca(in))]

®)
Li(A(in) & B(i)) = voe &/ kTexp[E,‘j‘—T“‘ (Z = X5=1Ca(in’) + X721 CA(I))]
(6)
Then

228 = 3 E {—Ca() (A — Ca(in) - exp[222 (3, _; Ca(in') — Thoy Ca(i))] +

(1= Ca(D)Ca(in)exp[=2% (B7 _; Ca(i") = Xnrer Calin )]} (7
where the non-dimensional time is

ZEnix—E

S (8)
kT
Modification of the SKMF for decomposition with ordering typically requires interactions
within two coordination shells and atomic exchanges, as a minimum, between two atomic
planes. This is analyzed in Section IV.

tt =t-voexp|

3. Quantification of 2D patterns topology.

During co-deposition, the morphology of the 2D sections at first changes with increasing
film height but eventually tends to an almost fixed (steady-state) pattern. As mentioned above
and as we checked recently for spinodal decomposition under co-deposition [17], the
observed topologies can be classified as spot-like (rod-like in 3D) — Fig.2a, layered (lamellar,
zigzag, or labyrinth-like) — Fig.2b1,b2,b3, and their mixture. The spot-like morphology
corresponds to isolated precipitates of the minority phase surrounded by a common
percolation cluster (matrix) of the majority phase (Fig. 3a). In the layered morphology the
components are more or less equivalent to each other (except for volume fractions, which
depend on the ratio of the layer thicknesses). We will see below (simulating the topology
during co-deposition with simultaneous decomposition into two ordered phases A3B and AB)
that one more topology is possible - we will call it “net-like” (like a net for fishing, see below)
— Fig.3c. In this structure, the majority and minority change place in comparison with spot-
like morphology: the majority phase is closed in cells, and the minority forms thin walls
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around these cells.

C
Fig. 2. Three “pure” morphologies for the 2D-sections: (a) isolated spots of minority
phase surrounded by a common cluster of “majority” phase, (b) layered structure
(lamellae or zigzag or labyrinth) without explicit preference for minority or majority
phase; (c) net-like (cell) structure which is in some sense inverse to spot-like.

Puc. 2. Tpu «uucmi» mopgonocii ona 2D-3pizis: (a) i301608aHi nAAMU MIHOPUMAPHOT
@azu, omoueni 3a2anbHUM KIACMePOM «maxcopumapHoiy gazu, (b) wapyeama
cmpykmypa (nameni, 3ue3ae abo n1abipunm) 6e3 s6HOI nepesazu MiHOPUMAPHOI YU
Madicopumapnoi ¢azu, (c) cimuacma (komipuacma) cmpykmypa, sika 8 0esikomy CeHCl €
360POMHOI0 00 NIAMONOOIOHOI.

To quantify the morphology of the 2D patterns, we introduced in recent paper [17] a new
(topological) parameter P. This parameter is related to the size dependence of the number of
clusters of some phase within a subregion of the entire sample in the subregion area. Let all
subregions be the squares h-h with all possible positions inside the square sample L-L. Let
N(#) be the mean number of clusters of the “minority” phase (with a fraction not larger than
half) in the sub-region, averaged over all possible positions of the subregion.

By our definition,

dinN
P= dinh ©)

If & is larger than the characteristic length of the phase separation, then in the case of
regular (marginal, ideal) structures we have for the minority phase:
1. Ideal rod structure: N = h?/A%> — InN = 2Inh + const = Pyinority = dInN/d Inh =

2.

2. ldeal periodic lamellae: N =h/A — InN = Inh + const — Ppinerity = dInN/
dInh = 1.

3. Ideal net structure for minority (or cell structure for majority): The ideal net in 2D is
one large cluster. Therefore, for all h larger than the size of the net cells, one has N =1 =
const = InN = 0 = const = Pyjinerity = dInN/d Inh = 0.

We introduce the topological parameter not only for the minority phase but also for the
majority phase.

It is easy to check that for majority phase one has:

1. The ideal rod structure of the minority means that the majority phase around the rods
is one large cluster: N = 1, so that Py4jority = dInl/d Inh = 0.

2. Ideal periodic lamellae: majority lamellae are thicker, but their number is the same as
that of minority phase lamellae: N =h/A — InN = Inh + const — Ppjority =
dinN/d Inh = 1.

3. ldeal net structure for minority (or cell structure for the majority): if cells are isolated
from one another by the surrounding net intervals, the calculation of the cluster number is
analogic to the number of rods. So, in this case, N = h?/A> - InN = 2Inh + const —
Pminority = dInN/d Inh = 2.
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It should be noted that at least in the above-mentioned three ideal cases, Pminority +
Pmajority = 2. Is this relation more universal, may we introduce a new “principle of
complementarity” - that we do not know so far. Our first simulations for limited sizes confirm
only the tendency but not the strict equation. The case of asymptotics for extremely large
samples will be studied elsewhere.

4. Patterns formation during co-deposition with precipitation of one or both ordered
phases at various compositions 0 < C < 0.25 (one of the phases is ordered) and 0.25 < C <
0.50 (both phases are ordered) at various deposition-to-diffusion rates: Kinetic Mean-
Field simulation.

Here we will use the modification of KMF, suggested in [19] for ordering and diffusion in
the ordered phases, and in [20] for the formation and competition of intermediate ordered
phases during reactive diffusion. First of all, we should take into account the interactions at
least within the second coordination shell, as was done in [20], to guarantee good distinction
and broad concentration gaps between the narrow concentration ranges of the ordered
compounds. Second, to provide the possibility of full ordering during deposition (including
exchanges between sublattices), we broadened the Kkinetic possibilities for surface and
subsurface atoms: in our model, they may exchange with neighbors not only within the top
plane but also with (as a minimum) the atoms in the plane below the top plane. This means
that instead of one type of equation (1), in this case, we write down and solve three different
equations for the first (top) layer (exchanges with 4+4=8 neighboring sites within planes 1
and 2), for the second layer (exchanges with 4+4+4=12 sites within planes 1,2 and 3), and for
the third layer (exchanges with 4+4=8 sites within planes 2 and 3). The energies are now
calculated in the mean-filed approximation with an account of the second coordination shell.
For example, in the case of both exchanging atoms in the top (first) layer.

zl+zf zy+zf

B = ) (CalDVM + CoDVH) + ) (Cal VI + Coi IVE®) =
i’1=1 i,2=1

Zl4zi Z) 425
= (20 + ZE)Vf5 + VP4 = V) N Cali') + (2) + ZEVAD + (VA4 = Vf®) Y Ca(i)
i’1=1 i’2=1
zl+zf zy+z4
Bp(in) = ) (Calin DVEA + Co(in' DVIP) + ) (Calin')VEA + Colin')VEP) =
in';=1 in’=1
z{+zf
= (z] + z{)VEE + (V4B — VEP) Z Calin'y) + (23 + 7 )VEE +
in'1=1
Z 425
HWEE = VEP) D Calin')
in',=1

(10)
i'y, i', are the indexes of nearest neighbors and next-nearest neighbors of site “i”
respectively,
in'y, in', are the indexes of nearest neighbors and next-nearest neighbors of the site “in”.
The nondimensional time is
Z,EPX47,EPIX—FS
kT

tt =t-voexp| (11)
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mix
Ej

Simulation parameters: = —0.2802 within the first coordination shell and 0.6531 for
the second coordination shell. The simulation was performed according to egs. (1-8) at
various deposition-to-diffusion rates M = % = ﬁtt (M is the number of diffusion time steps
per deposited layer).

4.1. Main results, 0 < C < 0.25 (one phase is a solid solution of B in A, another phase is a
compound A3B), KMF:

Initial Cdep: 10.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep > 15%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamkosa Cdep: 10.0 + 1%; ITrowunu o6miny: 3; Cepeonvo-gysnosuii Cdep > 15%;
(¢paza menwocmi)
Approximation: LnN(h) = P * In(h) + const

— 5000
Aoy

150 125 150 115 400 4z a5 ams 500 150 125 350 375 400 a2 aso ars 500 100

LnN(h) = 1.90367 * In(h) - LnN(h) = 1.34615 * In(h) - LnN(h) = 1.46568 * In(h) -
4.36298, P = 1.90; R"2: 0.99983  3.81704, P = 1.35; R"2: 0.99680  4.37785, P = 1. 47; R"2: 0.99488
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Initial Cdep: 20.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep < 10%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamxkosa Cdep: 10.0 + 1%, ITowunu o6miny: 3; Cepednvo-eysnosuii Cdep > 15%;
(paza menwiocmi)
Anpoxcumayin: LnN(h) = P * In(h) + const

LnN(h) = 2.04037 * In(h) - LnN(h) = 1.34639 * In(h) - LnN(h) = 1.12811 * In(h) -
6.98118, P = 2.04; R"2: 0.99974  4.02643, P = 1.35; R"2: 0.99580  3.94267, P = 1.13 R*2: 0.98946
b

Fig. 3. Patterns of A3B-phase within A-matrix (a) and patterns of A within A3B-matrix (b)

and corresponding plots % for calculation of the topological parameter P. Each pattern

is shown in two different projections. Sample 200x200x55. Deposition rate/diffusion rate
100 dt/plane (left), 1000 dt/plane (center), 5000 dt/plane (right). Exchanges are permitted
within 3 upper planes after deposition
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a. C%P: 10.00 &+ 1%; sites with mean B-fraction C™¢%" > 0.15 are marked- it
corresponds to phase A3B inclusions within the matrix of A-based solid solution.

b. C%P: 20.00 + 1%; sites with mean B-fraction C™¢*" < 0.10 are marked- it
corresponds to A-based solution inclusions within the matrix of A3B.

Puc. 3. [lamepnu pazu A3B 6 mampuyi A () ma A 6 mampuyi A3B (b), a maxooic sionosioni

. In (N .
epaghixu m Eh; 07151 pO3PAXyHKY mononociunoeo napamempa P. Koowcen namepn nokasano 6

080x piznux npoexyisax. Pozmip 3pazka cmanosumo 200x200X55. [llsuokicme
ocaoacenns/meuoxicmo ougysii: 100 dt/nrowuny (nieopyu), 1000 dt/nrowuny (6 yenmpi),
5000 dt/nrowuny (npasopyu). Jonyckaromocs sminu 6 mexcax 3 6epxXHix NAOWUH NICIsL
0Ca0HCenHs

a. C%P: 10.00 + 1%; nosuaueni dinanku 3 cepedHim 3navennam gpaxyii B => Cmean >
0.15, wo sionosioae exnouennam gazu A3B 6 mampuyi meepoozo po3uuny 3 0cH08010
A.

b. C%P: 20.00 + 1%; nosuaueni dinsanku 3 cepednim snauennam gpaxyii B => C™en <
0.10, wo sionogioac sxnouenuam ¢gasu A 6 mampuyi meepoo2o po3uuHy 3 0CHOB0IO
A3B.

4.2. Main results, 0.25 < C < 0.50 (both phases A3B and AB are ordered compounds),
KMF:

Initial Cdep: 35.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep > 40%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamrkosa Cdep: 35.0 + 1%, ITowunu o6miny: 3; Cepednvo-eysnosuii Cdep > 40%;

(¢haza menwocmi)
Anpokcumayin: LnN(h) = P * In(h) + const
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LnN(h) = 1.56846 * In(h) - LnN(h) = 1.61360 * In(h) - LnN(h) = 1.45303 * In(h) -
4.34348, P = 1.57; R"2: 0.99261  4.23336, P = 1.61; R"2: 0.99738  4.30060, P = 1.45; R"2: 0.99508
a

Initial Cdep: 40.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep < 35%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamkosa Cdep: 40.0 + 1%, ITnowunu o6miny: 3; Cepeonvo-gysnosuii Cdep < 35%;

(paza menuwiocmi)
Anpoxcumayin: LnN(h) = P * In(h) + const
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LnN(h) = 1.64520 * In(h) - LnN(h) = 0.89319 * In(h) - LnN(h) = 0.82401 * In(h) -
4.15505, P = 1.64; R*2: 0.99681  2.74507, P = 0.89; R"2: 0.95036  2.55238, P = 0.82; R"2: 0.96376
b

Initial Cdep: 45.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep < 35%;
(Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamkosa Cdep: 45.0 + 1%, IThowunu o6miny: 3; Cepeonvo-gysnosuii Cdep < 35%;
(paza menuwiocmi)
Anpoxcumayin: LnN(h) = P * In(h) + const
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LnN(h) = 1.98142 * In(h) - LnN(h) = 1.38538 * In(h) - LnN(h) = 0.94545 * In(h) -
4.49106, P = 1.98; R*2: 0.99999  3.85574, P = 1.39; R"2: 0.98939  2.91685, P = 0.95; R"2: 0.98758
c

Fig. 4. Patterns of AB-phase within A3B-matrix (a) and patterns of A within A3B-matrix

and corresponding plots % for the calculation of the topological parameter P. Each

pattern is shown in two different projections. Sample 200x200x55. Deposition
rate/diffusion rate 100 dt/plane (left), 1000 dt/plane (center), 5000 dt/plane (right)
Exchanges are permitted within three upper planes after deposition
a. C%P: 35,00 + 1%; sites with mean B-fraction C™€%" > 0.40 are marked; it
corresponds to minority phase AB within the majority matrix of A3B.
b. C4P: 40.00 + 1%; sites with mean B-fraction C™¢*" < 0.35 are marked; it
corresponds to minority A3B within the majority matrix of AB.
C. C%P: 45,00 + 1%); sites with mean B-fraction C™¢" < 0.35 are marked; it also
corresponds to minority A3B within the majority matrix of AB.

Puc. 4. Ilamepnu gpasu AB ¢ mampuyi A3B (a) ma A 6 mampuyi A3B, a makod
In (N)
In (h)
NOKAa3amo 6 060X pizHux npoekyiax. Posmip 3paska cmanosumov 200x200x55. [llsuoxicmo
ocaoxcenns/weuokicmo ougysii: 100 dt/nnowuny (nisopyy), 1000 dt/nrowuny (8
yeumpi), 5000 dt/nnowuny (npasopyu). /Jonyckaromucsa 3MiHU 8 MedHcax 3 6ePXHIX
RIOWUH NICTST OCAONCEHHS]

a. C%P: 35.00 + 1%, nosuaueni OinAnku 3 cepeOHim 3HauenHAM @pakyii B =>
C™eM > 0.40, wo sionosioac exkmouenusm ¢pasu AB 6 mampuyi meepooeo
po3uuny 3 0cHogoio A3B.

b. C%P: 40.00 + 1%, nosmaueni Oinanku 3 cepeOHim 3naueHnam @paxyii B =>
C™eM < 0.35, wo eionogioae exnouenusm ¢asu A3B 6 mampuyi meepooco
PO3UUHY 3 OCHOB0I0 AB.

C. C%P: 45,00 + 1%, nosuaueni OinAnku 3 cepeOnim 3nauennam @paxyii B =>
C™eM < 0.35, wo eionogioae exmiouenusm Gazu A3B 6 mampuyi meepdoco
PO3YUHY 3 OCHOB010 AB.

8i0N06IOHI epagiku 07151 pO3paxyHKy mononoeiynoeo napamempa P. Kooxcen namepu

Note that at compositions of 0.40 and 0.45, the parameter becomes lower than 1: it
correlates with some elements of net-like morphology for minority phase A3B (cell-like for
majority phase AB), which can be seen in Fig. 4b,c.
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5. Pattern formation during co-deposition with precipitation of one or both ordered
phases at various compositions 0 < C < 0.25 (one of the phases is ordered) and 0.25 < C <
0.50 (both phases are ordered) at various deposition-to-diffusion rates: Monte Carlo
simulation.

1

Simulation parameters: EkT = —0.2802 within the first coordination shell, and 0.6531 for

the second coordination shell. Where M is the number of Monte Carlo steps per deposited
layer. We used the Metropolis algorithm with exchange and interaction constraints that are the
same as those for the kinetic mean-field method (described in the previous section).

In the Monte Carlo method, each site is occupied by A or B, so “microscopic
composition” has only two choices for C(i): 0 or 1 (contrary to the KMF method, which has a
continuous composition range for occupancy probabilities). This simple fact makes all kinds
of averaging of the concentration and order parameter over surrounding clusters rather
discreet.

We use C™€4 (i) -composition averaged over a cluster consisting of 1+12 sites:
C)+52i2, Clin)

cmean —

(12)

4
Since C(i) = £1, the C™¢*™ may be equal only to k/16, with integer k ranging from 0 to
16.

One may easily check that this definition of C™¢?™ provides C;*%" = % for any site of
the ordered stoichiometric compound A3B (structure L1,), Cj*¢%" = % for any site of the

ordered stoichiometric compound AB3 (structure L1,), and C;*%" = 1% for any site of the

ordered stoichiometric compound AB (structure L1o).
We also introduced (according to [16]) the “Local Long-Range Order parameter” for
structures L1, and L1o.

For L1,
n(@i) = max{abs(n} ,3(1)), abs(ny (), (13)
Where
Ci)+3 38, Clim) CW)+3 32, C(in) C(i)_c(i)+%zillf=1 c(in)
M3 () = ——— o ——— () = ———* (14)

Cases 1,2, and 3 correspond to three different ways of choosing the eight nearest
neighbors out of 12 (in two orthogonal planes out of three orthogonal planes (100), (010), and

(001))
For L1,
M(i) = max{abs(ni 3}, (15)
Where
C)+a T, Clin) CH)+3 T2, C(in)
Mi23@ = - * : (16)

1-1/2
Cases 1,2, and 3 correspond to three different ways of choosing the four nearest neighbors
out of 12 (in one plane out of three orthogonal planes (100), (010), and (001)).

In our simulations, the sites with ;%" = 1—2 correspond to the local LRO parameter close

to 1 for the L1, structure, and those with C*%" = % correspond to a local LRO parameter
close to 1 for the L1, structure.
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5.1. Main results, 0 < C < 0.25, Monte Carlo:

Fig. 5. Patterns simulated by Monte Carlo for the case 0 < C4¢P < % of decomposition into
A+A3B phase (blue color, " = %). Size: 200x200x55; Time: left - 100 MCSteps/plane;
center - 1000 MCSteps/panel; right - 5000 MCSteps/plane. C4¢P = 1—16 (@), % (b), % (©)

Puc. 5. [Tamepnu, 3modenvosani memooom Monme-Kapno onsa eunadky 0 < CP < i

posnady Ha gpazy A+A3B (cuniil konip, C™¢" = %). Posmip: 200x200x55; Yac: nisopyu -
100 MCKpoxie/nnowuna; no yenmpy - 1000 MCKpoxis/nrowuna, npasopyu - 5000
MCKpoxie/nnowuna. C*P = 1—16 (@), % (b), % (©
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5.2. Main results, 0.25 < C < 0.50, Monte Carlo:

c

Fig. 6. Patterns simulated by Monte Carlo for the case 116 < c9er < 136 of decomposition

into A3B-phase (blue color, C5**%" = 14—6)+AB-phase (green color, CF*%" = %). Size:

200x200x55; Time: left - 100 MCSteps/plane; center - 1000 MCSteps/panel; right - 5000

MCStepS/plane. Cgep = % (a), % (b), % (C)

2
s
mean _ S
Cp - 16)'
Poszmip: 200x200x55; Yac: nisopyu - 100 MCKpokie/niowuna,; no yenmpy - 1000

. 4
Puc. 6. [lamepnu, smooenvosani memooom Moume-Kapno ons eunaoxy < caer <

Cmean —

posnady Ha ¢a3zy A3B (cuniii konip, Cg = %) + ¢aza AB (3enenuii kouip,

MCKporxis/nrowuna,; npasopyu - 5000 MCKpoxis/niowuna. C gep = % (a), % (b), % (©
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6. Conclusions.

1. Two possible cases of pattern formation due to phase separation during the co-
deposition of the binary alloy from the vapor phase should be distinguished during
simulation:

A. Binary alloy with positive mixing energy demonstrating spinodal decomposition at
sufficiently low temperatures, with compositions within the spinodal region of the surface
layer.

B. Binary alloy with negative mixing energy within the first coordination shell and
(preferably) positive mixing energy within the second coordination shell, demonstrating
strong long-range ordering within a narrow composition CB ranges around 1/4 (A3B-
structure L12), 1/2 (AB-structure L10), and 3/4 (AB3-structure L12), and decomposition
results in the formation of at least one ordered compound (depending on the composition of
the deposition flux): a weak solution of B in A + A3B, a weak solution of A in B + AB3,
A3B + AB, and AB + AB3.

2. The second case contains two subcases:

B1. Decomposition into a weak solution and one ordered L12 compound (A + A3B) or
(AB3+B): 0<Cdep<0.250r0.75< Cdep < 1;

B2. Decomposition into an ordered L12 compound and another ordered compound L10
(A3B + AB) or (AB + AB3): 0 < Cdep <0.250r 0.75 < Cdep < 1.

3. Patterns steady-state morphology in 2D-sections can be quantified with the “home-
made” topological parameter Pminority (initially introduced in recent Letter [17]) for
minority or 50/50 phase, which is close to 2 for rods (isolated spots in 2D-section), closer to 1
for layered structures (lamellae, zigzags, labyrinth), and closer to O for the net structure for
minority, which is at the same time the “cell-structure” for majority phase. We observed only
some elements of the net structure and only for the co-deposition with decomposition into two
ordered compounds, A3B + AB.

4. One may also use the topological parameter for the majority. In limiting cases for
three ideal structures (spots, lamellae, and net/cell), it was shown that Pmajority=1-Pminority.
In general, this seems not to be the case. Pattern formation in cases A and B1 seems to be
similar: rod-like morphology at minority phase fractions less than approximately 35%,
layered type for 45-50%, and some mixed patterns in between.

5. Let us go into some details about the new “net-like structure”: Patterns formed via
decomposition into two ordered compounds reveal one more tendency: that of a “net-like”
structure for the minority phase, which simultaneously means a “cell-like” structure for the
majority phase. The net-like morphology in the ideal case should provide a zero topological
parameter P. At least for symmetric composition (6/16 or 14/16), when minority and majority
fractions coincide, these curved nets and cells remind some flowers (for example, Orchidea).

6. The results of the simulation by the atomistic mean-field and Monte Carlo
qualitatively coincide.
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MOJAEJIIOBAHHS YTBOPEHHS ITATEPHIB
BITIOPAJKOBAHUX ITPOMIZKHUX A3
IMPU CIIIBOCAI’KEHHI BIHAPHUX TOHKHUX IIVIIBOK

Mera poGotu: HemogaBHo Oyn0 JOCATHYTO THporpecy B MOJAETIOBAaHHI Ta
kBaHTU(]iKalii Mopdosorii Ta edekTiB maM ATl KBa3lNEpIOAUYHUX CTPYKTYp, SKI
BUHHUKAIOTh Yy pE3yJibTaTi CHIBHANWICHHS OIHAPHMX eMITaKCIMHUX IUTIBOK CHCTEM i3
JIOJTATHUMH €HEPrisiMU 3MILITYBaHHS, 1110 XapaKTEePU3YyIOThCsl ICHYBAHHSAM KYIIONIB pO3May
Ha jdiarpami cra”iB. MeTa JgaHOi poOOTHM — 3’SCYBaTH, K BIAPI3HATHUMYTHCS 1 B UOMY
OylyTh aHAJIOTITYHUMHU PE3YJIbTATH YISl CIUIABIB, K1 MAaIOTh TEHEHIIIIO 10 BIOPSIKYBaHHS
B OKOJIi MIEBHUX CTEXIOMETPHUYHUX KOMITO3UIIiH, a MK HUMH — TEHJEHIIIO 10 pO3Maay Ha
JIBI BHOpSAAKOBaHI (a3u abo Ha OJHY BHOPSAKOBaHY (a3y 1 HEBHOPSAIKOBAHUUN TBEpAM
PO3YUH.

Metoanka: MoenroBaHHS POBOANUTHCS MApaIeIbHO KIHETHYHUM CEPEIHBOIIOIEOBIM
METO/IOM (SIKUi creniaibHO MOJU(IKOBAHO aBTOpaMH MOPIBHSAHO 3 KIHETUYHUM METO0M
SKMF) ta meronom MonTte-Kapmno. [Ipu mpoMy BBOIUTHCS CHEUiadbHUNA TOTOJIOTTYHUHA
napamerp P, sKkuil 103BOJII€ JOCUTH YITKO PO3PI3HATU TPHU TUIU MOP(OIIOrii MpH pocTi
TUTIBKH.

Pesynbratu: Ilpu MopnemtoBaHHI CHiJ BHUIUIMTH JBa MOXJIHMBHX BHUIAIKA TMPH
CIIJTFHOMY OCa/KEHH1 O1HAPHOTO CIUIAaBY 3 MapoBOi (asu:

A. biHapHuii cmjaB 3 TO3MTUBHOIO €HEPri€l0 3MIlIyBaHHS, IO JEMOHCTPYE
CHIHOJANBPHUIA pO3MaJl MPH JTOCHTh HU3BKHUX TEMIIepaTypax, 3 KOHIICHTPAIIIMH B MEXax
CHiHOMaBHOI 00JACTi MOBEPXHEBOTO IIAPY.

B. BinapHuii crutaB 3 BiJI’€MHOIO €HEPri€ro 3MILTyBaHHS B MeXax MepIIoi KOOpAUHALIHHOT
cdepu 1 JOJATHOIO €HEeprie€ro 3MIlIyBaHHS B ApYTid KoOpIuHauiiHii cdepi, 10 1eMOHCTpYe
BIIOPSJIKYBaHHS y BY3bKUX 1HTE€pBaiax KoHIeHTpawiii CB Oins crexiomeTpuyHuX 3HaueHb 1/4
(A3B-ctpykrypa L12), 1/2 (AB-ctpykrypa L10) i 3/4 (AB3-ctpykrypa L12), a posman
NPU3BOJMUTH JI0 YTBOPEHHS MPUWHANMHI OJHOTO BIIOPSIKOBAHOTO 3’€IHAHHS (3aJIEKHO BiJ
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CKJIay TTOTOKY Oca/KeHHs): abo (cimabkuii po3unH B B A) + A3B, a6o (cnabkuit po3unH A B
B) + AB3, a6o a8i Bopsakosani ¢asu A3B + AB abo AB + AB3.

Jlpyruii BUIIaJOK MICTUTh JBA «IT1BUTIATKN:

B1. Posmazg Ha cnabkwmii po3unt B B A i BnopsakoBany ¢asy A3B tuny L12 (A + A3B)
abo (AB3 + B) BimmoBimHO mpu KOHIEHTpamisx moToky HamwieHHs 0 < Cdep <0.25 a6o
0.75<Cdep < 1,

B2. Posnman Ha BnopsimkoBaHy ¢asy tumy L12 1 iHmy mopsiakoBany ¢asy tumy L10
(A3B + AB) abo (AB+ AB3) — mnpu KOHIEHTpAIisiX MOTOKY HANWICHHS BiIIOBIIHO
0 <Cdep<0.252a600.75 <Cdep < 1.

[Tarepun cramionapHoi Mopdosiorii B JBOBUMIPHHUX TIepepizax MOXYThb OyTH
OXapaKTepH30BaHi CIICIiaJbHO BBEICHUM TOIOJOTIIYHUM mapamerpom Pminority (BBeneHum
HaMu HemonaBHo [17]) mns dha3u meHmocti (ad6o ais Bunaaky 50/50), skuit Oau3bKuid 10 2
JUIsE CTepkHIB (y IBOBUMIPHHX Tiepepi3ax II€ 130JhbOBaHI IUISAMH), OMU3bKuU mo 1 mms
CMYTacTHX CTPYKTYp (JIaMeJsSIpHUX, 3UT3aronoioHuX, 1abipuHTONOAIOHNX ), 1 6Mu3bkuil 10 0
JUTS MEPEKEeBUX (MTaByTUHOIMOAIOHNX) CTPYKTYP MEHIIOCTI 1 BOJHOYAC KOMIPKOBHX CTPYKTYP
Ju1s a3 OLIBIIOCTI.

PesynbraTi MOJeNOBaHHS CEPEIHBOIIOIBLOBOIO METOAY 1 MeToay Monrte-Kapio sikicHO
criBnanaoTh. Briepie oTpuMaHi pi3Hi BUAM TATEPHIB 3 YYaCTIO BHOPSAKOBAHUX (a3.

KurouoBi ciioBa: criBocapkeHHs, peakiis, 1u(ys3is, po3maj, BIOPSIKyBaHHS,

dbopMyBaHHS CTPYKTYPH, TONOJIOTIYHHI MapameTp, CEpeIHbOINOIBOBUN KIHETUUHUNA METO/I,
Mownre-Kapino.

Ooepoicano pedaxyiero 15.10.2023
Iputinamo oo opyxy 9.11.2023
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BILJIUB ®A30BOI'O HATAPTYBAHHS HA JIU®Y3IAHI
XAPAKTEPUCTHUKU BYIVIEIIIO I KOBAJIBTY B 3AJII3BOMAPI'AHIHEBUX
CIUTABAX

B pezynomami yuxniunux mapmencumuux nepemeopensv (LIMII) y memacmabinonux
CNasax 2ceHepyromvCs JIHIUHI [ niowunHi Oehexmu Kpucmaniunoi 6yoosu (oucioxayii,
Odeghexmu nakysauHs, mexci cyoszeper i Hanozeper). B obnacmi makux degpexmis ougysitina
DYXAUBICMb AMOMIE 8NPOBAONCEHHS 34 HUZLKUX MeMnepamyp NiO8UWYEMbCs HA NOPAOKU.
Taxum yunom, y MemacmabilbHUX CHIA6AX HA OCHOBI 3aniza 10ei0 NiOGUWEHHS
inmencughixayii HuzbKOmemnepamyproi Ou@ysitiHoi pyxausocmi 3 Memol KepySaHHs.
oughysitinumu npoyecamu, wo Gopmyromes KOPUCHI 81ACMUBOCMI, MONCHA peanizyeamu 3a
PAxXyHOK 6HympiuHb020 uunHuka MII 6e3 sukopucmanHs OYOb-AKUX BUCOKOEHep2emUYHUX
oiu. Ilpuckopenus ougysii amomie enposaodicenns 3a paxynox y—o—y (I’ LIK-OLK-I'l[K) MII
nokasano excnepumenmanvio. Bnaus y—e—y (I'LIK-T'LL]Y-T'I]K) [IMII na oughy3iiini npoyecu 6
CNIa8ax 3 HU3LKOI eHepeielo Oeghekmie NAKYB8aAHHA U O0CI TUUWAEMbCA NPAKMUYHO He
susuenum. [1-3]

Hosum emanom po3sumky memooie o00pobONenHs Memaneeux mamepianie 3
BUKOPUCMAHHAM OUQY3IUHUX Npoyecie Modce cmamu NPAKmudHa peanizayis MO*CIUBOCMI
niosuwerHs Ou@y3itiHoi pyxaueocmi amomie, 30Kpema 3a HU3bKUX, MeEXHON02IYHO 3PYYHUX,
memnepamyp. 3 02110y HA ye NpoodIeMa ICMOMHO20, HA NOPAOKU BeNUYUHU, NIOBULEHHS.
Koegiyienma Ougysii 6 memanesux cucmemax HOCUMb BUPANCEHUL QYHOAMEHMANbHUL
xapaxkmep. Bona moowce Oymu supiuiena 3a paxyHoK UKOPUCMAHHA CUNbHOI 3ANeHCHOCMI
Qughy3itiHux xapaxmepucmux 8i0 po3mipié CmpyKmypHux i cyOCmpyKmypHux eiemeHmise ma
OCHOBHUX 6uUdi8 Oeghekmis Kpucmaniunoi 6yoosu. Hoseuil komniexc @izuKko-mexaHivHux
Xapakmepucmuk, y momy uucii i Ooughy3itiHux, modice cgopmysamucsi 3a NOOPIOHEHHs.
cmpykmypu 00 YIbmMpaoucnepcHo2o ma/abo HaHoposmipHoz2o pisHa. Takuil pigems
noopibnennst € docsicHum 3a paxynok MIT [11] .

Hughysitina  pyxausicmv amomie  6nposaddcenHs (Ha Npukiadi  gyeneyr) 8
MemacmadiibHUX Cnaaeax Ha OCHOBI 3ani3a 3pocmanda 6 MIpy aKyMyIsayii 6HYympiluiHix
Hanpysjceusv i HAKONU4eHHs Oegexmis Kpucmaniunoi 06y008u 6 npoyeci YUKIIYHUX Y—E—)
MapmeHcumuux nepemeopensb. (OcHosHUll npupicm Koeghiyienma oughy3ii i 3MeHuleHHs
eHepeii axmusayii ougysii cnocmepicanu Ha emani MePMOYUKIYBAHHA, KOIU (hiKcysanu
MAKCUMATIbHUL NpUpicm 2ycmunu 0eghexmis KpucmaniuHoi 6y008u.

Bcmanosneno, wo roegiyienmu oughysii  amomie kobaremy ma 8yereyio 8
pesepmosanomy aycmenimi cnaagy 1'18C2, pazonacapmosanoco YukuiyHuMu y—e—y
MApMEHCUMHUMU NepemeopeHHAMU, NIOBUWLY8ANACS He MeHue, HIdDC Ha mpu nopsaoku. Ilpu
yvomy roegiyicumu oughysii 3a Huzbkux memnepamyp nopsoky 100-200° C egionogioanru
Koegiyienmam cmayionapuoi ougyszii 3a memnepamypu 900°C-1000°C.

Ilokazano, wo YukuiuHi y—e—y MApPMEeHCUMHI NepemeopeHHs 3HAYHO NIOBULYIOMb
Oughy3itiny pyxaueicms amomis 3amiujeHHs ma 6npoeaoddicenus. Pisnuys npupocmy enubunu
NPOHUKHEHHS. amoMi6 30i1buy8anacs 3a ni08UWeH s KilbKocmi YiKiie nepemeopeis, aie 00
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negHOoI Mipu. 3HAUOEeHO ONMUMAIbHI YMOBU NPOBEOEHHs. MAK020 8UdY 00pOoOIeHb 3a HAABHUX
eKCNEePUMEHMANbHUX OAHUX, WO O0al0 MAKOMC NOWMO8X OJisi NPOBeOeHHs OOMAMKOBUX
00CNIOHCEHb Y NOWLYKY HAUMEHUL eHeP2O3aMPAMHUX PeHCUMIE 0OPeONeHHSL.

Ilpuckopennus L[MII ougy3ii amomie 6npoeadiceHHs 3a HUZLKUX MeMNepamyp
00pobNIeHHsT BIKPUBAE MOJNCIUBOCMI CYMMEBOT ONMUMIX3aYil pedicumie 0b6podenHs ma
SBHUJICEHHsL —~ memnepamypu  yemeHmayii — MemacmabOilbHux  3ani3oMapeanyesux i
3ani30HIKeNe8UX CNIA6i6 0l eKOHOMIL pecypcié ma eHepeo3ampam.

Cmamms sense coborw 0210 pauiwe OpmpumMaHHux Oawux 6 Incmumymi
Memano@izuxu, 3p06J1eHO 3a2aibHi BUCHOBKU BIOHOCHO OUQY3IHUX XAPAKMEPUCTNUK AmMOMI8
3amiweHHs ma 6npoeaoddceHts OJis BUNAOK) 3ANI30MAP2aAHYEBUX CHIABIE.

Kuro4oBi cjioBa: MmapTeHCUTHE MepeTBOPEHHS, AUQy3is, pa3soBe HArapTyBaHHS, METOJ
PagloaKTUBHHX 130TOMIB, AeEKTH KPUCTALTIYHOT OyA0BH, pa30BUl MTepexis.

2. Beryn

@Da30Bi MEpPEeTBOPEHHS PI3HOTO THITY 37aTHI ©()EeKTUBHO BIUIMBAaTH Ha AuDy3ildHY
PYXJIMBICTh aTOMIB 3aMillIEHHS 1 BOPOBAPKEHHA y MeTacTabunpHuX crasax [1,8,9]. Crymins 1
SKICTh TAaKOTO BIUIMBY 3aJIeKaTh BiJl CTPYKTYpPHOTO CTaHy CIUIaBiB, SIKHM c(OpMyBaBCs B
pe3ynbTaTi Ga3zoBux neperBopeHb. Ma3oBi 1 CTPYKTYpHI MEPETBOPEHHS B MeTajax 1 cIijiaBax,
K1 CYIPOBOJDKYBAIUCS 00 €MHUM e(heKTOM 1 GOpMyBaIIK B Pe3yiIbTaTI IIHOTO MEBHY CUCTEMY
nedekTiB KpucCTaliyHOi Oy[OBH, CHpPUYHHSUIM 1HTeHcudikamito audy3iifHUX MpoleciB i
CTHMYJIIOBAJI MAacOIIEPEHECCHHS aTOMIB Ha MaKpOCKOMiuHI BiacraHi. MapTeHCHTHI Y-0-y
MEPETBOPEHHST B 3aJ1i30MAPraHIIeBUX CIUIaBaX, peaidi3oBaHl 3a 3CYBHUM 0Oe3audy3iiiHuM
MEXaHI3MOM, CYTTEBO MPHUCKOPIOBaNM au(y3il0 aToMiB B peBEepTOBaHId BUXITHIN (a3i.
Hudysiiina pyxJMBICTH aTOMIB JIETIBHMX €JEMEHTIB CYTTE€BO 3ajekaja BiJl PEXHMIB
OXOJIO/DKEHHS 1 HarpiBaHHA, HEOOXITHUX IS peaii3alii BiAMoBiAHO IpsMUX 1 3B0poTHIX MII
[2,7].

B 3anmizomapranueBux crjaBax MPOTIKAIOTh Y—€—) MEPETBOPEHHS, B Pe3yJbTaTl SKHUX
IYCTHHA JIMCIIOKAIliil B peBepTOBaHiN aycTeHITHIH (a3l mijBuiyBanacs Ha nopsaok [3,10].
Pi3HuIs B MiABUINEHHI TYCTHMHHM JAUCIOKAIi BUKIMKaHA PI3HOK BETMYUHOIO 00’€MHOTO
edexty y—a 1 y—e meperBopenb (3-4 % 1 1,75 % BinmoBinHO). Y 3ami30MapraHiieBOMY
pPEBEPTOBAHOMY AYyCTEHITI 3 HM3BKOIO €HEprielo Ne(eKTiB MaKyBaHHS OaraTopas3oBi y—e—y
NEPEeTBOPEHHS BUKJIMKAIM HAKONHMUYEHHS XaOTHYHHX Je(QeKTiB IaKyBaHHsS, ajieé He
NPU3BOAMIN JI0 3HAYHOI (pparMeHTauii CTPyKTypu 1 (QOpMyBaHHS IOJATKOBUX CyOMex.
CyTTeBa pi3HULS CTPYKTYPHOIO CTaHy 1 CTyNeHs Ae(eKTHOCTI KpUCTATIYHOI IpaTKU (a30BUX
CKJIAJIOBUX, C(HOPMOBAHUX Yy pPE3yJIbTaTi y—E—y TMEPETBOPEHb, BKA3yBajdd Ha HEOOXIIHICTH
JOJJAaTKOBOTO JIOCHIJKEHHSI BIUIMBY Y—€—Y IIE€pETBOPEHb Ha 3aKOHOMIpHOCTI audys3ii B
CIUTaBax 3 HU3BKOIO eHepriclo nedekTiB makyBaHHA. B miii poboTi Boepie 3podiaeHo crupody
MOLIYKY  ONTUMAJIbHUX PEXKHUMIB I1HTEHcH(]ikauli Audy31MHUX OpoOLEeciB  BllacHE
MapTEeHCUTHUX Y—€—Y NEPETBOPEHb Ta Ae(EKTIB KpUCTaNIyHOi Oy/10BH, yTBOPEHOI BHACIIIOK
mudys3iiiHoi epedyA0BU B MPOLIECI TAKUX MTEPETBOPEHbD.

3. Metoaun

MeTomoM pamioaKTUBHUX 130TOMIB MPOBEACHO AOCTIIHKEHHS BIUIUBY MUKIIYHUX Y—E—Y
MapTEHCUTHUX MEPETBOPEHb Ha JAU(Y31iHI XapaKTepUCTUKU KOOANbTy Ta BYIJICIIO Y CIUIABI
I'18C2.

Jis  HaHeceHHs IIapy paaiOaKTUBHOTO BYIJIEII0 Ha CIUIaB IMPOBOAMIM HOTO
[EMEHTAIlil0 3 BUKOPUCTaHHAM KapOropu3atopa. LlemeHTallis cruiaBy nmpu3Besa 10 HaCHYEHHS
NPUIIOBEPXHEBOr0 Iapy BYyIJEHeM 1 pe3yibTylodoi 3MiHM #oro ¢a3oBoro ckmany.
AHaJIOTMYHO TTPOBOIMIIN HAHECCEHHS IIapiB KOOATBTY.
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[uxomigni psiMi y—€ 1 3BOPOTHI €—Y TIEPETBOPEHHS B CIUIaB1 MOCTIIOBHO peajizyBalid B
MpOIeCi OXOJO/KEHb y PIAKOMY a30Ti Ta HACTYIHUX HAarpiBaHb y COJISIHIM BaHHI 3
temriepatyporo 380°C. Ilpu mpoMy gocsraad MaKCHUMaJbHOI IMIBHJKOCTI OXOJIOJDKCHHS B
iHTepBayli mpsAMuX TnepeTBopeHb (20 rpan/c) 1 HarpiBaHHA B iHTEpBaJli 3BOPOTHHX
neperBopenb (80 rpazn/c). Takuil pekuM TEPMOLUMKIYBaHHS MPU3BOIUB JO TalbMyBaHHS
penakcamiifHuX mporeciB 1 3a0e3nedyBaB y pe3yibTaTi SIK MNPSIMHX, TaKk 1 3BOPOTHUX
MePETBOPECHb €(DEKTUBHE HAKONMHMUYEHHS JehEeKTiB OyI0BH, sKi 37aTHI CYTTEBO BIUITMBATH HA
nudy3iiiHi mporecu y ¢a3zoHarapToBaHux criaBax. llicns y—e—y mepeTBOpPeHb MPOBOAMIH
nudy3iitHui Bignan ¢pa3zoHarapTOBaHUX CILIABIB.

BuwmiproBanas qudy3iiHuX mpodiiiB BYTJEIO Y CIUIaBax, (pazoHaKIENaHUX y—0—y Ta
Y—€—Y TEpPETBOPEHHSIMH, MPOBEIM, B OJHOMY BHIIAJKy, IICIA IEMEHTAIii 1 IUKIIB
MIEPETBOPEHHS, a B IHIIOMY — ITCJISI HACTYITHOTO JIOAATKOBOTO Ju(y31MHOr0 Bigmamzy 3a
temneparyp 100°C i1 200°C. BusBuiocs, mo audysis ByIJIeLHI0 B pe3ysbTaTi IHKIIB
BifOyBanacs Ha CyTTe€BY ImuOuHY 6e3 nudys3iiiHOro BiAmany, a B pe3yjbTaTi J10JaTKOBOTO
TQy31HHOTO BiANANy MAaKpOCOKIIYHO 3pocTaja. Y BHUNAAKY I KOOAlbTy Iicys
TEPMOLIMKITYBaHHS 3pa3KiB 3a ydyacTi Pi3HOi KUJIBKOCTI Y—&—Yy TEPETBOPEHBb iX IOIaTKOBO
BUTpUMYBanu npotsiroM 2500 rogun 3a temmeparyp 250 ta 325°C, peanizoByIOYH TaKUM
YHHOM UK TU(Y31HHOTO BiAmamy, SKAA JOJaTKOBO CTUMYJIIOBAB TEIUIOBY H(]y3it0 aToOMiB
KoOanbTy BriauO 3pa3kiB. Yac BUTPUMKH 3a KIHIIEBUX TEMIEpaTyp IUKIyBaHHS OyB Npu
[[OMY MJIMM MTOPIBHIHO 3 YaCOM JIOAATKOBOTO AU(y31HHOTO BiAamy.

3. Pe3yabTaTn T2 00rOBOPEeHHS

AHai3 po3noaily aToMiB BYTJIEIIO 3a IITHOUHOIO MOKA3aB, 10 B PE3YJIbTAaT] ITUKIIYHUX
Y—€—Y TIEPETBOPEHB 0€3 JTOAATKOBOTO AU(PY3IHHOrO BiANaly BiIOyBaBaIOCS 1X MPOHUKHEHHS
B 00’€M CIUIaBYy Ha MEBHY TINIMOMHY. Y Ke Miclisd MEepIIoTro Ta JAECATOrO LUKIIB IePEeTBOPEHD
rOuHa MPOHUKHEHHS aToMiB ByTrJielo ckiana 150 MkM (TOYHICTh BUMiproBaHHs — 0,5 MKM)
(puc. 1, xpuBi 1 Ta 2). 30UIbLIEHHS KUIBKOCTI LMKIIB TNPUBOAWUIO [0 MOAAIBIIOrO
NpPOHUKHEHHsA aToMiB Byrnemro. [licms 200 mukiaiB rauOuHa NPOHWKHEHHS CKIlaja
BianoBiaHo 200 MxM (puc. 1, kpusa 3).
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Puc. 1. Posnozin koHIeHTpanii pagioizoromny *C 3a rmm6usO00 Micas ogHoro (1), 10 (2)
1200 (3) y¢<>¢ nukimiB 6e3 Binnanxy ta 10 (4), 100 (5) 1 500 (6) y<>€ ukmiB 1 Audy3iitHOTO
Bignany 3a 200°C npotsirom 2500 roauH.
Fig. 1. Distribution of radioisotope 14C concentration by depth after one (1), 10 (2) and
200 (3) y¢>¢ cycles without annealing and 10 (4), 100 (5) and 500 (6) y<>¢ cycles and
diffusion annealing at 200°C for 2500 hours.
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MexaHi3M TepeHeCeHHsT aTOMIB BYTJICIIO CJIiJ BBaXAaTH II0B’sS3aHUM 13 BJIacHE
crpykrypaoro ['IK-T'THY-I'IIK nepeOyaoBoi0 i CymyTHIM pe3yJIbTYyIOUUM TOMIMPEHHIM
CHUJIOBOTO TIOJISl HANpy)XeHb BHACHIIJIOK 3MiHM 00°’eMy 1 (opMu KpucTajiiB, 110
NepeTBOPIOIOTHC [4]. 30iiblIeHHs TIMOMHM TPOHUKHEHHS 32 YMOB IOBTOPEHHS LIUKJIIIB
MEPETBOPEHD CBIAYMIIO PO MOKIIMBICTh aKyMYJIAIIl BHYTPIIIHIX HAIIPY>KEHb, SIK1 TTOCIIIIOBHO
CTUMYJIOBATTM JO0JATKOBY nu(y3it0 aromiB. OUYeBUAHO, MO IEH MEXaHi3M NepeMIleHHS
aTOMIB BIPOBA/KCHHS MOYKHA BBKATH MEPEBAXKHO aTepMiuyHUM [5].

0,7 - 2 .

0,6 4

D.100 o5

2
cm /sec
0,4 4

0,34

- .
—u_—e

0,2 4

L]
T T T T T T T T T T T
0 100 200 300 400 500

Puc. 2. anexunicts koedimierTa nudysii Byrnemto D 3a temneparypu audys3iitHOro
Bignany 100°C 1 200°C BianoBigHo (1, 2) BiJ KUIBKOCTI Y<>€ IUKJIIB.
Fig. 2. Dependence of the carbon diffusion coefficient D at diffusion annealing
temperatures of 100°C and 200°C, respectively (1, 2) on the number of y<>¢ cycles.

B mporueci y—e—y mepeTBOpeHb Yy JOKAJbHUX 00JAcTAX CIUIABY IMKJIIYHO BHHUKAJIH
BHYTPILIHI HAIIPY’KEHHS PO3TATY 1 CTUCHEHHS y BIAMOBITHOCTIO 13 3HAKOM 00’ €MHOT0 e(eKTy
npsAMoro y—¢ (30UIbLIEHHS MUTOMOro 00’€My) 1 3BOPOTHOTO €—Yy (3MEHILIEHHS MUTOMOTO
00’eMy) mnepeTBopeHb. Po3TsarHeHi o0macTi BHHUKaIM B pe3yabTaTli HOPSIMOTO Y—€
MEPETBOPEHHS 3a HU3BKUX TEMIIEPATyp, KOJU peraKcalliifHl mporecu OyJid 3arajibMOBaHi, 1
BHYTpIIlIHI HanpyxeHHs 30epiranucs. Lle cTBOpuUiIo yMOBHU /Js MEPEMILLIEHHS] aTOMIB B Taki
obnacti [4-6]. OueBUAHO, 110 3BOPOTHE €—Y MEPETBOPEHHS MEHILIOI MIPOIO CTBOPIOBAJIO
YMOBH JIJIsl MIrpallii aTOMiB 3a aTepMIYHHUM MEXaHi3MOM.

3 METOI0 BUSBIIEHHS TEPMIYHO aKTHBOBAHOI CKJIa/10BOi nu(dy3ii y dazoHarapToBaHOMY
crutai ['18C2 B mopanbiioMy TpoOBENH JTOCTIIKEHHS BIUIMBY 130T€PMIYHUX BiAMAaiB Ha
napametrpu au¢ysii. Ilicas TepMOIUMKIyBaHHS 3pa3KiB 3a yyacTi pi3HOi KUIBKOCTI y—&—y
NEPETBOPEHb iX JOJATKOBO BUTpUMYBanu mpoTsarom 2500 roaun 3a temmepatyp 200 °C,
peani3yloud TakMM YHMHOM IMKJI JUQy3iiHOro Biamamzy, SKUH JOJaTKOBO CTHUMYJIIOBAB
nudy3ito atomiB B0 3paskiB. Yac BUTPUMKH 3a KIHIICBUX TEMIIEpaTyp IUKIyBaHHS OyB
Opy [[bOMY MaJMM MOpPIBHSHO 3 4acoM JoJaTkoBoro au¢ysiiiHoro Biamaty. TemmnepaTypy
BiANany oOupaqu TaKUM YMHOM, 100 BOHAa HE TMEpeBUIIyBajla TeMIlepaTypu KiHIIA
3BOPOTHBOTO €-y TEPETBOPEHHs [UId 3arnoOiraHHs MPOTIKAHHS MPOLECIB pernakcamii y
¢dazoHaraproBaHOMy CIuiaBi. Pi3HHUI MK TeMmepaTypaMy 130T€pMIYHOIO Bijanaiay BHOpaHa
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JOCTaTHbOIO  JUII  MOXJIMBOCTI  PO3paxyHKy 3HaueHb eHeprii akruBamii. [licna
TEPMOITUKIYBAaHHS Ta JOJAaTKOBUX I130TEPMIYHUX BiAMaJiB KUIBKICTh €-(a3u B 3pa3Kax
ckiragana moHax 90%. Lle cBigumio mnpo Te, mo audy3iiiHI XapaKTEPUCTHUKU Y
(azoHarapToBaHOMY CILIaBi BiJIHOCHJIHMCS NEPEBAXHO 10 MAPTEHCUTHOI g-(a3u.

Hudysiitauit Bianman ¢a3oHarapToBaHOTO CIUIaBYy MPU3BIB O MPOHUKHEHHS aTOMIiB
BYIJICLIO HA MaKpOCKOMiyHi BigcTaHi (puc. 1, kpusi 3,4,5). Hanpukiaz, SKI0 Micis Mepuoro
IIUKJTy [IePETBOPEHb MIMOMHA TPOHUKHEHHS CKiaiana BiamoBigHo 130 MKM, TO B pe3ysbTarTi
HacTynHoro Biamany 3a 200°C riaubuna 3pocrana 1o 230 mxMm (puc. 2, kpusa 4).

Po3paxyHku mokaszaiu, 110 IiC]s TMEPIIOTO IUKITY MEepeTBOpPeHb KoedirieHT maudys3ii
Byriento D 3a temmeparyp 100 ta 200°C cyTtTeBO 3pocTaB. 30UIbIIEHHS KUTBKOCTI Y—€—Y
IIUKJIIB BiJl OJHOTO J0 CTa MPU3BOIMIIO JI0 CTPIMKOTO pocTy BenmunHu D (puc. 2, xpuBi 1, 2).
A pesynbraTi 100-500 nukitiB mepeTBOpeHb KOSQIIieHT 30UThITYBaBCSI MOHOTOHHO MTOPiIBHSHO
13 IEPUINM ITUKIIOM.

Jns atomiB 3amimieHHs AUQy3idHUN Bianan (a3oHaAKIENaHOTO CIUIaBy TMPHU3BIB 10
MPOHUKHEHHS aTOMiB KOOaIbTy Ha MakpocKomiyHi Biggaini (puc. 3). Hampuknan, gxmo micis
NEepIIOro 1 COTOTO LHUKJIIB TEPETBOPEHb TIMOWHA MPOHUKHEHHA CKiajgana 12 MKM, TO B
pe3ynbTaTi HacTynmHoro Bianany 3a 325°C rimubuna 3Ha4HO 3pocTtana (puc. 3, Kpusi 2, 3, 4).

soo | \A \v
| \,\\ N

600

/>
/</

imp/min .

400 v

LA

=1 \2 \ 3\ 4
200 e AN

= AN v

1 m [ ] A__

t \.\. A\‘> —
e T e e

0 20 40 60 80 100 120 140 160 180 200
X, mkm

Puc. 3. KonnentpauiitHuii po3noaia aroMi 130Tomy kobansTy B criasi I'18C2 micns
HaHeceHHs 13Tomy 0e3 Biamany (1), Ta micns ogHoro (2), 100 (3) ta 500 (4) ukiiB Ta
HacTynHoro nudysiiiHoro Bianamy 3a remnepatypu 325 °C.

Fig. 3. Concentration distribution of cobalt isotope atoms in the G18C2 alloy after
isotope deposition without annealing (1), and after one (2), 100 (3) and 500 (4) cycles and
subsequent diffusion annealing at a temperature of 325 °C.

TakuM uMHOM, cyTTeBa iHTeHCHiKalid IUdy3li aToMiB KOOAIbTy UHUKIIYHUMHU
Y—€—Yy—TIEpETBOPEHHSMHU TIOB’si3aHA 13 /€0 JBOX HE3AICKHUX MeXaH3MIB mudysii —
aTepMIYHOTO 1 MEXaHI13My TePMIYHOI aKTHBALIii.

OcHOBHUM MexaHi3MOM iHTeHcuGikauii audy3ii kobalbTy 3a paxyHOK TEpPMiuHO
AKTHBOBAHOTO MEXaHI3MY CJIi/I BA3HATH MPUCKOPEHHS AU y3ii B 007aCT1 AUCITOKAITIN.
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4. BucHoBku

[Tokazano, mo audy3is sk aTOMIB BIIPOBAPKCHHS (HA MPUKJIIAJI BYTJICIIO), TaK 1 aTOMIB
3aMilieHHs (KOOaIbT) UIMKITYHUMH Y—€—Y MAPTCHCUTHUMHU MEPETBOPEHHAMH IMPUCKOPIOETHCS
B MIpy aKyMyJIAIii BHYTPIIIHIX HANpy»XeHb 1 HAKOMWYEHHS Je(PEKTIB KpUCTATIYHOI OyT10BH
i 9yac npsMux Ta 380poTHix MII.

3HavyHe MiABUINEHHS MU(QY31MHOI PYyXJIMBOCTI aTOMIB 3aMiIICHHS Ta BIPOBAKCHHS
MUKTIYHUMH Y-€-Y MAapTEHCUTHUMHU NEPETBOPEHHAMHU B 3alli3omMapranueBomy crasi ['18C2
BiOyBajocs 3a paxyHOK Jii JIBOX HE3WICKHMX MEXaHI3MIB — aTepPMIYHOrO 1
TEPMIYHOAKTUBOBaHOTO. lleprmmii peamizyBaBcs B pe3ysbTaTi 3CYBHOTO XapaKTepy MPsSMOTO
Y-€ 1 3BOPOTHOTO &-y TEPETBOPEHb 1 BH3HAUYABCS BJIACHE NIEPETBOPEHHIM 3aBISKH
3HAKO3MIHHUM HaIpPY>XEHHSM ITiJ1 4ac rmepeOy10BH I'paToK. [HIINMK MexaHI3M pealli3yBaBcs B
nporeci nudy3iiHOTO BiAnany ¢a3oHarapToBaHOTO CIUIaBy. B pe3ynbTaTi TepMOIUKITyBaHHS
B IpaTili HAKONMUYYBAIUCHh ACPEKTH KPHUCTATYHOI OyJOBH — JHMCIIOKaIlli, HU3bKOKYTOBI
cyOMexi, XaoTHuHi JeeKTH MaKyBaHHS, SKi Oynu OUIIXaMu NpHUCKOpeHHs nudysii. Ilpu
301bIIeHH] cTyneHs (a3oBoro HaraptyBaHHS (10 500 y-g-y HMKIIB) TNIMOMHA MPOHUKHEHHS
aTOMIB 130TOINy CYTTEBO 3pOCTaia, ajle MaKCHUMaJbHHHA MpHpICT Koedimienta audysii
crioctepirascs 3a 100 1UKIIIB MEpEeTBOPEHBb.

®opmyBaHHS cHUCTeMU Je(EKTiB KpHCTATi4HOI OyaoBH MeTacTabiIbHUX CIUIaBIB
MUKITIYHUMHA MapTEHCHUTHHUMH Y-€-Y TIEPETBOPEHHSAMHU Ta PE3yJIbTYIOUe 3HAYHE IiJACHUIICHHS
mudy31iHOT PyXJIUBOCTI aTOMIB BIIPOBA/DKEHHS Ta 3aMIIICHHS 3a HHU3BKHUX TeMIepaTyp
BIJIKpUBA€ HOB1 JIOJIATKOBI MEPCIEKTHBU I1HTeHCHU(DIKAIil CHoco0iB XiIMIKO-TEPMIYHOTO
00po6sieHHs. 3a paXyHOK IONepeIHbOro (pa3oBoro HarapTyBaHHs TeMIepaTypa MOBEPXHEBOT
MeTami3aii Ta [eMeHTalii MeTacTaOUTPHUX 3aJi30MapraHIeBHX CIUIaBiB Moxe OyTu
IOHMKEHOIO Ha K1JIbKa COTEHb I'PajlyCiB.

Po3ginuti BHECOK pi3HHX Ae(eKTiB y 3MiHY AUQY31HHUX XapaKTEPUCTUK Ha OCHOBI
OTPUMAHUX PE3YyJbTATIB HE IMPEJICTABIAETHCS MOXKIMBUM. lIpoTe MoOXKHaA 3pOoOUTH SIKICHUH
BUCHOBOK IIPO IHTEPBAIN Y<>€ ULUKIYBaHHS, B SKUX BKJIAJd PI3HUX JAEPEKTIB Yy
iHTeHcu¢ikanito audys3ii B mporeci HACTyMHOTO JUQY31HMHOro Bifmady HpOSIBISABCA
MakCHMaibHO. AHalli3 3aKOHOMIPHOCTEH HAKOMMYEHHS KOKHOTO 13 PI3HMX THUMIB Je(EKTIiB
OyZ0BU TOKa3aB, B SKHUX IHTEpBaJlaX TEPMOLMKIYBAHHS HPOSBIABCA BIUIMB NEBHOTO THUILY
nedexriB. Jliro qucioKalii, reHepoBaHUX OOEPHEHUM €—) TMEPETBOPEHHSM, CIOCTEpIiraiu
ISl MePIIOro HUKITY. Taki JUCIoKali MOXKYTh OyTH PO3MOAUIEH] Xa0TUYHO B TPaTIli KOXKHOT
i3 (ha3oBHX CKIaM0BUX. IXHill MPOCTOPOBMI PO3MOMLN MOYKeE MaTH XapakTep AMCIOKAIifHOI
ciTku. Bix xapakTepy po3nojiny AUCIOKAIIHN 3aJIeKUTh CTYIIHb IHTEeHCH (KAl 1udy31iHuX
nporeciB. Y BHUMAaAKy (opMyBaHHA JHUCIOKaliiHOI CITKH Audy3is aTOMIB BYIJIELIO
BIIOYBA€ThCS NMEPEBAKHO B3JOBXK TUCIOKALIMHUX TPYOOK, SIKI CKIIAJaroTh Oe3nepepBHUM
TUQy31MHUN IUIIX, 1 HE MPOXOAUTh y Oe3auciokaumiiHux JuisHkax o0’emy. KoedimieHT
mudy3ii y 1bOMY BHUIAJKYy 3HAYHO IepeBakae KOoeiieHT Audy3ii 3a YMOBU XaOTHYHOIO
PO3MOILTY AUCIOKAIIH.
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PHASE HARDENING INFLUENCE ON THE DIFFUSION CHARACTERISTICS OF
CARBON AND COBALT IN FERROMANGANESE ALLOYS

Martensitic transformation (MT) is the main type of phase transformations in solids and
is characterized by a number of features that distinguish it from other phase transformations.
It is characteristic of many alloys (based on Fe, Cu, Au, Ag, Co, Ti). The main features that
unite all martensitic transformations into one group are diffusionlessness, regular movement
of atoms, cooperativity and directionality of such movements in the process of restructuring
the crystal lattice of the initial phase. MT is a powerful tool for creating materials with a wide
range of new properties, primarily diffusional.

As a result of cyclic martensitic transformations (CMT) in metastable alloys, linear and
planar defects of the crystal structure (dislocations, packing defects, subgrain and nanograin
boundaries) are generated. In the region of such defects, the diffusion mobility of insertion
atoms at low temperatures increases by orders of magnitude. Thus, in metastable iron-based
alloys, the idea of increasing the intensification of low-temperature diffusion mobility in order
to control diffusion processes that form useful properties can be implemented due to the
internal factor of the MT without using any high-energy actions. Acceleration of the diffusion
of insertion atoms due to y—a—y (fcc-bce-fcc) MT has been shown experimentally. The
influence of y—e—y (fcc-gcc-fcc) MT on diffusion processes in alloys with low packing defect
energy still remains practically unstudied.

A new stage in the development of methods for processing metallic materials using
diffusion processes may be the practical implementation of the possibility of increasing the
diffusion mobility of atoms, in particular at low, technologically convenient temperatures. In
view of this, the problem of a significant, by orders of magnitude, increase in the diffusion
coefficient in metallic systems is of a pronounced fundamental nature. It can be solved by
using the strong dependence of diffusion characteristics on the sizes of structural and
substructural elements and the main types of defects in the crystal structure.

The diffusion mobility of insertion atoms (for example, carbon) in metastable iron-
based alloys increased as internal stresses accumulated and crystal defects accumulated during
cyclic y—e—y martensitic transformations. The main increase in the diffusion coefficient and
the decrease in the diffusion activation energy were observed at the thermal cycling stage,
when the maximum increase in the density of crystal defects was recorded.
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It is shown that cyclic y—e—y martensitic transformations significantly increase the diffusion
mobility of cobalt and carbon atoms. The difference in the increase in the depth of carbon
penetration increased with increasing the number of transformation cycles, but to a certain
extent. Optimal conditions for carrying out this type of processing were found based on
available experimental data, which also gave impetus to conducting additional research in the
search for the least energy-consuming machining modes.

Acceleration of the CMT diffusion of the cobalt and carbon atoms at low processing
temperatures opens up the possibility of significantly optimizing processing modes and
reducing the cementation temperature of metastable ferromanganese and ferronickel alloys to
save resources and energy costs.

The article is a review of previously obtained data, general conclusions are made
regarding the diffusion characteristics of substitutional and insertion atoms for the case of
iron-manganese alloys.

Keywords: martensitic transformation, diffusion, phase hardening, radioactive isotope
method, crystal structure defects, phase transition.

Ooeparcano peoaxyicro 02.11.2023.
Ipuiinsimo 0o opyxy 06.12.2023.
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Y3ATAJIBHEHHS METOAY SKMF HA KPUCTAJII3BAIIIO CILVIABIB

Mema pobomu: chopmynrosamu 6azosi ioei yzazanvnernozo memooy SKMF (GSKMF)
ma tio2o 3acmMocy8anus 00 npodIemMu KpUucmanizayii cniaeis.

Memoouxa: peuosuna y Hawiili Mooeni npeocmasiena y 6u2isadi KOMIpoK azo8020
nous, wo eionosioaroms Komipkam Bienepa-3eiimya xkpucmaniunoi epamku I'LIK; 6 06ox
cmauax, i 8 piOoKomy, i y meepoomy, Ha 0OHY KOMIPKY 8 cepeOHbOMY NPUNAdae 0OUH amom, a
BIOMIHHICMb MINC CMAHAMU NOJAAE Y PI3HUX 3HAYEHHAX NaApamempa KpUcmaiiuHo2o
nopsoxy komipku (<0.5 ona meepdoco i >0.5 ona piokoeo cmawy), 8i0 AKO20 3anexncams,
30Kpema, i enepeii MidHcamoMHOI 83aEMOOI.

Pezynomamu. Hamu 6yno po3pobieHo y3azanvHeHUll CMOXACMUYHUL KiHeMmu4Huil
memoo cepeonvoeo noaa (GSKMF) ma 3acmocosano tioco 00 npocmux 6unaokie
i30mepmiuHoi 00HOPIOHOT I HeOOHOPIOHOI Kpucmanizayii ma Hei3omepmiyHoi HeOOHOPIOHOT
Kkpucmanizayii. Pezynomamu mooeniosanns 6y10 nopieHsAHO 3 eKCNEePUMEHMATbHUMU OAHUMU
I OaHuMu MOOeN08aAHHS MemOOOM MOAEKVIAPHOI OUHAMIKU, nicis 4o2o 0y10 nidibpano
napamempu mooeni, SKi 0aloms 3HAYEHHS WEUOKOCMI (hponmy Kpucmanizayii 01u3ekKi 00
eKcnepumenmanbHux. BusueHo  MOdCIUBicmb  eBMEeKMUYHOI  Kpucmanizayii — ulisixom
CNIHOOANILHO20 PO3NA0Y NEPEXIOH020 HECMIUKO20 MBEEPOO2O POZUUHY.

Bucnosku. Po3pobnenuii memoo GSKMF nepegipeno na eunaoxkax 2omozenHoi ma
2emepocenHoi Kpucmanizayii 0OHOKOMNOHEHMHO20 PO3NIA8Y 3a CMAloi memnepamypu, d
MAKoNHC 3 YPAXY8aAHHAM MeNnid, wo 6uoLlaemvcsa nio yac kpucmanizayii. byno 30iticneno
cnpoby 3acmocy8anHs po3podNeH020 Memody 00 esmeKmMUu4Hoi Kpucmanizayii OiHapHo2o
PO3NNABY, MA BUABIEHO MONCIUBICINL ICHYBAHHSA AIbMEPHAMUBHO20 MEXAHIZMY e8MeKMUYHOL
Kpucmanizayii  (Wasaxom CHiHOOANbHO20 pO3nady Nepexiono20 HeCmiuKo2co meepooco
PO3UUHY).

Kurouogi cioBa: meron (pa3oBoro mosis, CTOXaCTUYHUN KIHETUYHUNA METO]I CEPEIHBOTO
HOJIs1, TapaMeTp KPUCTANIYHOTO OPSAKY, TUdy3ist, KpUcTati3allis.

1. Beryn

CroxactnyHuil kKiHeTMUHUN MeTof cepeanboro nois (SKMF) OyB po3poOnenuit st
MOJICJIIOBAHHSI ~ KOHTPOJIbOBAaHMX JAu(y3i€l0 TpoueciB y TBepAMX OiHapHUX  abo
0araToKOMIIOHEHTHUX crutaBax [1-9]. Lleit MeToa MOCIYTOBYETHCS «GKOPCTKOIO PEIIITKOIO
BY3JIiB KPHUCTAJI4YHOI TI'paTKH, 1 JMIIe HMOBIpHICTh mHepeOyBaHHS aTOMIB y By3/lax i€l
PEIIITKY 3MIHIOEThCS y 4aci, 0 pOOUTh HEMOXKIIMBUM IPSIME MOJENIOBAHHS DPIIUHU ITUM
METOOM.

3 iHmoro 00Ky, 3aCTOCOBHMM J0 MOJENIOBaHHS PIAMHU, KIACUYHUI MeTol (a30BOro
HOJIST MPEJCTABISE PEUOBHHY y BUIJIAAI KOMIPOK (ha30BOro MO, IO XapaKTEpHU3YHOThCS
MEBHOI0 BEJIIMYMHOIO MapamMerpa Kpuctamigaoro nopsaky [10]. e mapamerp 3MiHIOEThCS
HEMepepBHO, YTBOPIOIOYM MK PIIKOI0 1 TBepaOoro (azaMHu NepexiTHUil Mpolapok MEeBHOI
TOBIIWHU, KUK HE € HI pigkum, HI TBepauM. Lle, B cBor0 depry, 3aBakae MOJCIIOBAHHIO
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nporeciB Ha aroMHoMmy MacmTaOi. Ili3Himme neit merox Oyno y3araJbHEHO Ha BUIAIOK
HYKJI€aIlil y mepeoxoiomKeHii piguni [11-12].

Mu K, CHOUparYMch Ha BHUIIE3raJlaHi IJAXOIU, MPOIMOHYEMO BJIACHHHA CHOCIO
MOJICITIOBAHHS MEPEXO/IIB PiIMHA/KPHUCTAI, KKK Oyje OMHUCaHo Jalli.

2. Mogeas Ta MeTOIHN

Inero y3araabHEHOTO CTOXaCTHYHOTO KIHETUYHOTO MeTony cepenuboro mnoist (GSKMF)
Oysmo crucimo omucano y [13]. 3a #ioro ocHOBY B3iTO KOMOiHaIiio 1BoX miaxomiB: (1)
dazoBoro mons (PF) [10] mis kpucramizamii ta (2) aTOMICTUYHOTO CTOXaCTHYHOTO
KiHETHYHOTO MeToAy cepeanboro moust (SKMF) [1-9] mist 6GinapHux Ta 6araTOKOMIIOHEHTHHX
craBiB.  Ha BiaMiHy Bif 3BHYHOTO MeTOAy (a30BOTO IOJISA, y SKOMY KOMIpKH HOMITHO
OLTBIIII 32 aTOMHI PO3MIpH, B HAIlIOMY METOJI IIe He Tak. A came, KOMipKH (pa3oBOTo Mojis y
HaIliif MOJeNi 3a pO3MIpOM BiANOBiAAIOTH KOMipKkaMm BirHepa-3eiTma KpHcTamiyHOi rpaTKu
I'IK. Konu mapamerp ¢a3oBoro moisi HaOIMKAETHCS 10 CTaHy «KpHUCTa» (TOOTO mpsAMye 10
HYJIS), TO HEHTPH IIUX KOMIPOK MPEICTABIISAIOTH COOO0 BY3JIH pealibHOI KPUCTATIYHOI IPATKH.
B inmmx Bumankax (konu mapamerp (azoBOTO MOJs HAOMMKAETbCA O CTaHy «PIAMHA»
(ToOTO TIpsIMy€E O OJMHMINI), KOMIPKH MPOCTO MalOTh aTOMHHH 00’€M i MH TPOJOBKYEMO
paxyBaTH, IO Ha OJHY KOMIpKy mpumagae (B cCepeAHbOMY) OJUH aToM, a KUIbKICTh
HaOMmKIMX cyciniB 30epiraeTscs (B HamoMy BUNAAKy 12) — 1 me € OgHMM i3 OCHOBHHX
HaOmmxeHb Mozeni. [Ipu oMy B3aeMojis MiXk CyCIIHIMH aTOMaMU 3aJIeKUTh Bia (Ha30BOro
CTaHy 1 NPEACTABISIETHCS K CYNEPIO3HIlis eHEeprii B3aemMoxii y 0a30BHX (KpUCTAIIYHOMY 1
piakomy) cranHax. Eneprii mapnoi B3aemomii Vpa, Vap, Vpa, Ta Vpg y Hamiih mopeni
BHUPAXKAIOTHCS HACTYITHUM PIBHSHHSM:

o = Ui (1 - 22250) g, (20200 o

Jie M i N — COpTH aTOMiB, L0 B3aEMOJIIIOTD, [ Ta i’ — KOOPAMHATH iXHIX KOMIpOK.

Mozenps Mae B CBOilf OCHOBI TPU PIBHIHHSA:

1) €BOJIIOLIIT MapaMeTpa KPUCTATIUHOTO MOPSAKY @
2 = Mp{edTszV20 —wTg'(9) = p' (@AM - M)},
ne f1(T), fs(T) — rycTuHu BUIBHHX €HEpriil y urctomy piakomy (¢ = 1) Ta uncromy
TBepaAoMYy (¢ = 0) cTaHi BiAMOBIIHO, 83, = 6\/—2);‘:%, Wyp = %, w() = (1-c)w, +

1 . . . . N
cwg, g(p) = Z(pz(l — @)% — QyHKIig 3 MiHIMymMamu, IO BiAMOBiNalOTh CTaGLIBHINA a00
MeTacTalOinbHill TBepaiit i pinkiit ¢aszi, p(@) = @3(10 — 15¢ + 6¢)? — QyHKIig, 1O
BIJINIOBIIa€ pO3MUTOMY 1HTepdeiicy kpucran/piguHa 1 6e3nepepBHOMY BHUAUIEHHIO BUIBHOT
eHeprii miJ] yac nepeTBOPEHHs TBEpIoro Tia B piguny [10];

2) Mepepo3MnoIiy TeMIepaTypH, IO BPaXOBYE TEIUIO, SKE BHUILISETHCS
M1 9ac KpUcTai3arii
oT AH% 1)
— =D, V?T ——7p' —=

ne AH%*'— eHTabIIis TUIABJICHHS HA aToM;

3) MEPEPO3MO Iy KOHIIEHTpALTi
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12
aCA

e z ca(Dcp(N (AW © B(@")

i'=1
+ X cs(Dea(iN (A © B(D) - (4)

Yacrotu 0OMiHIB aTOMiB, III0 BXOAATh Y PiBHIHHSA (3) MAIOTh HACTYITHUIN BUIIISL:

, .y ES—(Eq(D)+ER(i’
Tis(AQ) © B(i")) = voexp (- T=EA200), 5)
o ae E (i) = Xi2o1(ca(in)Vaq + cg(in)Vyp), Ep(i") = Xiz—1(ca(in")Vp, +
cg(in)Vgp).

3 ypaxyBaHHsaM piBHAHb (1),(5) MaemMo HENMiHIMHY 3aJEXKHICTh JI1 HWMOBIpHOCTEH
nepeOyBaHHS aTOMIB Y KOMipKaxX PENITKU (4acTOTH OOMIHIB €KCIIOHEHI[IHHO 3ajieKaTh BiJ
eHepril, a eHeprii € NiHIHHUMU QYHKIIIMUA HMOBIPHOCTEH).

Otox, y3aranpauBmy Metonq SKMF Ha Bumagok kpucramizaimii Ta JOTOBHHUBIIK HOTO
BpaxyBaHHSM TEIUIA, 110 BUIUIAETHCS IMiJ Yac KPUCTaJi3alii, MU OTPUMaId HOBHH METOJ,
MOXKJIMBOCTI SIKOTO MM BUBYAIM KPOK 32 KPOKOM, aHANI3yIO4M OKpPEeMi IMPOCTI BUMAIKU. A
came: KpUCTaJTi3allilo OJHOKOMIIOHEHTHUX PO3ILJIaBiB Ta OiIHAPHUX €BTEKTHUYHHUX PO3ILIABIB, Y
SKAX KOMIIOHEHTH MAlOTh OJHAKOBUI THI KPUCTAIIYHOI TPaTKH Ta JOJATHIO EHEPTilo
3MIITyBaHHS Y TBepAOMYy cTaHi. L{s enepris 3MminryBaHHs 3a BiICYTHOCTI piKoi ¢a3u naBaia 6
KYTIOJI PO3Iay 3 BEPILIUHOIO BHIIIE TEMIIEPATypH €BTEKTHKH.

3. PesysaibTaTn T2 00rOBOpPEHH

3.1. [3oTepmiuna KpucTagizaniss YUCTOro (0THOKOMIOHEHTHOI0) PO3IJIABY

VY Bumajaky 130TepMidHOI KpucTami3amii 0JHOKOMIOHEHTHOTO PO3IJIaBy HaM MOTPiOHO
pO3B’sI3aTH JUIIE OJHE piBHSHHSA (2), B3siTe 3 Moaeni ga3zoBoro moJis [10] ta 3acTocoBane 10
«KOMIPKH», 1110 MICTUTD JIMIIIE OJJUH BY30Jl KPUCTATIYHOI TPATKH.

3.1.1. OxHopinHuii BUNag0K

Lleit BUMagOK Mae TEOPETUYHUIN CEHC, OCKIIBKU BiH OMHUCY€E PIBHOMIpPHE TIEPETBOPEHHS
KpHUCTaJ3aIlii/TIIaBIeHHs] OJIHOYAaCHO B 3arajbHOMY 00’eMi 0€3 yTBOPEHHSI Ta 3pPOCTaHHS
3apokiB. 30kpema, V2@ = 0, Tomy

Z—f = —My{wTg'(¢) +p' (@) (fo(T) — fs(T))} (6)

Iepmmii jgomaHoK y mpapili wactwmi piBHsanns (6), —M,wTg'(p), nparue
cTabuti3yBatu TBepay ¢a3zy, komu ¢ < 0.5, 1 mparHe cralutizyBatu piaky (asy, konu ¢ >
0.5. Jlpyruii monmanok y mpaiit wactuni pismsuEs (6), —M,p (@) (fL(T) — fs(T)) mparne
NEPETBOPUTHU PIAUHY HA TBEPIY PEUYOBHHY (3MICTUTH HapaMeTp MOPSAKY 10 HyJs) NpU
TeMmeparypax, HIKUUX 38 Ty (komu fi(T) — fo(T) > 0), i nparHe nepeTBOPUTH TBEPIY
PEUYOBUHY B PiIUHY (3MICTUTH MapaMeTp MOpAIKy 10 1) mpu TemnepaTypax, BUIIUX 32 Terr
(xomn f,(T) — fs(T) < 0).

Posristnemo Bunanok T < Tper (komu f1(T) — fs(T) > 0). V upomy pasi obuasa
JOJIaHKU B MpaBii YacTHHI PIBHAHHA (6) 3MIMIYIOTh MapaMmeTp MOPSAKY 10 HyJs, Kou @ <
0.5, aje BOHM KOHKYpPYIOTh MiX c00010, Konu ¢ > 0.5. TakuM 4MHOM, MOXKHa O4YiKyBaTH
ICHYBaHHS  TOPOTY: TPU Q¢ < Pipreshold  TI€pEMarae  crabinbHa  TBepaa  ¢asza
(TepMoauHAMIYHO BUTiIHA (a3a) 1 BIOYBaeThCS pPIBHOMIpPHA KpHUCTali3allis, a Mmpu @y >
Othresholda P1AKa ¢daza (MeHII BUTiIHA, ane MeTacTabinpbHa (asza) mepemarae, i cuctema
3aJIUIIAETHCS B p1IKOMY cTaHi (puc. 1).

Mu 4HcenbHO OIIHWIN TOPIT QPihreshold 3@ PI3HUX Temriepatryp [uisl mapametpiB Cu,
noganux y [10]:
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1)3a remnepatypu T = 1250 K noporoBe 3HaYCHHS Qtpreshoia = 0-834;
2)3a remmeparypu T = 1300 K moporoBe 3HaYCHHS Qtpreshoid = 0-742;
3)3a remneparypu T = 1350 K moporoBe 3HaYCHHS Q¢preshotda = 0-5405.

a b

1.00 08

0.98 0.7

0.96 0.6

0.94 05

2% 2%

0.92 04
0.3

0.90
0.2

0.88
01

0.86 0.0

0 1 2 3 4 5 6 0 1 2 3 4
time le-8 time 1e-8

Puc.1. Tunosi uacosi 3anexcnocmi 015 napamempa KpucmaniiyHo2o nopsoKy @ 3
nouamkoeoio seauuunoro (a) suworo ma (b) nuscuoro 3a nopozcose 3snauenns.
Fig.1. Typical time dependencies for crystalline order parameter with initial
magnitude (a) higher and (b) lower than the threshold value.

OuiHuMO 3alIeXKHICTh MOPOTOBOTO MapaMeTpa KPUCTAIIYHOTO MOPSAIKY ¢ BiJ 00’ €MHOT
PYLIIHHOT CHIIM KpUCTami3allii Ta XapaKTepUCTUKH HaTsry iHTepdeiicy W. [lopir Bignosimae
3MiHi 3HaKa B NpaBiil yacTuHi piBHAHHA (2) /g BUOAAKY OIHOPIAHOI cucTeMu, Koiu V2@ =
0:

; wTg'(p) +p' (@) (fL(T) — f(T)) = 0, (7
a00

g _ (£.(T) = fs(D))

p'(9) wT '

Bpaxosyroun, o p'(¢) = 120g(¢), orpumyemo:
gl 1 1-2¢
p'(p) 60¢-(1-9)
Tozi ymMoBa 711 MOPOrOBOrO 3HAYECHHS:
1— 2(pthreshold

= —b'
qDthreshold(l _ qDthreshold)

T)—fs(T
neb = 6OfL( )—fs( ).
wT
BianosigHe kBagpaTHe piBHIHHS J1a€ OJUH PO3B’ 30K, MEHIINM 32 1:
b—2+V4+b2
gthhreshold — — (8)

MosxeMo 6aunTH, OO0 TEOpPETUYHA 3aJIEKHICTh MOPOTOBOTO IMapamerpa MOPSIKY Bif
TeMIIepaTypu Ayxke OJin3bKa O HAIllMX YMCEIbHHUX pe3yJbTaTiB mpH Temneparypax 1250 K,
1300 K1 1350 K (puc. 2).
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10

0.9

Dihreshold

700 800 900 1000 1100 1200 1300
T, K
Puc.2. Ilopocoge 3nauenns napamempa nopsoxy K QyHKyis memnepamypu 0s
mepmoounamiunux napamempie Cu
Fig.2. Threshold value of order parameter as a function of temperature for the
thermodynamic parameters of Cu

3.1.2. BBegeHHss mymMy B KiHeTH4YHi PIBHAHHSI JJisl MapaMeTpa KPHCTAJIYHOIO
NOPAAKY

BiamoBimHo 1m0 ocHOBHOI imei dmykryanidHo-nqucunaniitnoi teopemu (FDT), y
KIHETHUYHE PIBHSAHHS CJIi/1 BBECTH LIyM MapamMeTpa KpUCTAIIYHOTO MOPAIKY:

20 = My {e2Ts3V%p — wTg' (@) — p' (@) (fi(T) — fs(T)} +¢ ©)

kpT-M
Tyr { = J E;m"’ \/ - In———-cos (2m - random) [14].

Yy BUIIAAKY IIE€PCOXOJIOMKCHHSA pi,I[I/IHI/I ryMm aoIromMara€e IonoJiaTh 6ap‘€p HaBITh npu
Po > Pthreshold-

THUnoBy 3a1eXHICTh CEPEAHBOI0 apaMeTpa MOPSAAKY B Yacy MiJl 4ac KpUcTalizamii 3
LIYMOM I10Ka3aHo Ha puc.3.

10

0.8

0.6

=

0.4

0.2

0.0

7
t le—-11

o
et
¥
w
=
(9, ]
o

Puc.3. Tunosa 3anesxcnicms 6i0 yacy napamempa KpUcmaniuHo2o nopsioxy,
ycepeoHnenozo no ecii cucmemi, npu memnepamypi 1100 K. Tym mu suxopucmanu
3

nepenopmosary pyxausicmo M, = 57 % (nidienany nio weuoKicmes Kpucmanizayii)

3
samicmo My, = 0.25 ﬁ sukopucmanoi'y [10]
Fig.3. Typical time dependence of order parameter averaged over all system, at the
3
temperature 1100 K. Here we used the renormalized mobility M, = 57]"%5 (fitted to velocity

of crystallization) instead of M, = 0-257% used in [10]
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OninnMo xapakTepHUIl 4ac KpucTalizalii 3a pi3HUX TemIepaTyp. 3a yac KpucTamizalii
npuiiMeMO Yac MEepeTHHY yCepeAHEHHM IapaMeTpoM KPHCTaJIiqHOro mopsaky ¢ piBHs 0.5.

Sk moxxHa Gauutu 3 puc.4, oOepHEHUI Yac KpucTajizalii 3 IIyMOM MPOTIOPIIIHHUN

tcryst
nepeoxoiokeHHo AT .
1eld

5 -
*
4 L)
g .
+
—
H
21 1]
1- .
100 200 300 400 500 600
AT

1,
810

Puc.4. 3anesxcnicmo obepnenoeo uacy kpucmanizayii 3 wlymom
cryst

nepeoxonooxcenus AT .

Fig.4. Dependence of inverse crystallization-by-noise time !

on overcooling AT

cryst

3.1.3. Oninka cranionapHoro npoginaio ¢(z) 3a pisHoBaru ¢a3 KpucTaja-pifuHa
3a TemmnepaTypH piBHOBAaru BiJIbHa €HEPTis TBEPAOI Ta pinkoi (a3 oJHAKOBa, a MExa
po3ainry HepyxoMa i ctabinpHa. ToMy piBHSHHS (2) 3BOAUTHCA 10 HACTYIHOTO 3BUYAIHOTO

JTU(epeHIIaIbHOTO PIBHSHHS:
w

V2 =5=9'(p) (10)
©Se
VY BUMaAKy MI0CKOT MOBEPXHI PO3UTY, TEPIICHAUKYIISIPHOI 10 OCi Z, OTPUMYEMO:
d?¢g 3 1
— ’ — 3 _ _ /2 _
2,2 = 49'(®) a(cv ) )

w
e a=——.
E(pS

CranpgapTHuil po3B’ 30K AUQEPEHIIATbHOIO PIBHSAHHS 3 TPAaHUYHUMH yYMOBaMHU ¢ —
Onpuz— —ooi@ — 1npuz — +00 Ma€ HaACTYITHUNA BUTJISL

exp( |=(z—20))
po e aw
1+exp( |5(z2—20))

Iie Z — IIe «IEHTP Mac» 1HTepdency.
. . 2
TakuM 4MHOM, XapaKTepHa HAMIBIIUPUHA JOPIBHIOE lipeor = \/; . [Ipu obpanux HAMU

napameTpax 1e 6m3pKo 1.4 HM.

Mu nepeBipuian el TEOPeTUUHUH Tpodisib, OE3MOCEPEHBO YUCEIBHO PO3B’A3YI0UH
pIBHSHHA (2) 1 HaONMXKAIOYM YHCENbHUN PO3B’S30K 32 JOIMOMOTOK aHAJIITHYHOTO PIBHSHHSA
(11) 3 pi3auMu 3HaYeHHsAMH [. MiHiManpHE BIAXWJICHHS BiJ TEOPETHYHOTO MPOQLIIO
OTPUMAHO TIpH | = 7 MIKIUTOIIMHHKX BiJICTaHEH, MO AyXkKe OIU3BKO 10 lipeor 3 TAPAMETPAMHA
Miji.
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3.1.4. HeonHopiaHuii BUNIAI0OK: HYKJIealis

BiamoBigHO 10 KJIaCMYHOI Teopii HyKjIeallii, KpUTHYHUHN pajlyc KPUCTAIIYHOTO 3apOJIKa
(AKIIIO 3HEXTYBATH TPAHyBaHHSIM 1 BBaXKaTH 3apOJIOK CPEepUUHUM) Y PiIUHI IPH PiKCOBAHOMY
NEPEOX0JIO0PKEHHI BU3HAYAETHCS PIBHSIHHSIM:

2y
Rerye = fL(T)—fs(T) (12)

Hexaii remneparypa T nepeoxonomkenoi pigkoi miai cranoButh 1200 K. PiBasiaus (12)
nae Repy; = 2.17 HM. Tox mMu chopmyBanu aBa cepUYHUX 3apojKa 3 paaiycamu 2 HM 1 3
HM, HaJaBIIM MOYaTKOBOMY MpO(diI0 mapamerpa KPHCTATIYHOTO MOPSIKY CTYIIHYACTOTO
BUrisiAy 3 (@ = OBcepeiuHi 3apoaKka i ¢ = 1y piiuHi (3BHYaliHO, KOXKEH 3apOJIOK CIIOYATKY
MaB JesIKUil penbed, OCKUIbKM BiH OyB moOynoBanuii Ha ocHOBI >xopctkoi I'IIK pemritkm).
OuikyBaHO, mepmui (JOKPUTHYHHUNA) 3apPOJIOK 3MEHIIMBCSA 1 BPEIITI-PEIlT 3HUK, a APYTHi
(HaOKpPUTUYHUIN) — 3pOCTaB, IOKH HE JOCATHYB CTIHOK CHUMYJALiHHOI KopoOku. Ha puc.5-6
MPOJIEMOHCTPOBAHO €TaIly €BOJIIOLIT IIUX JABOX 3apOAKIB: OLIMM KOJIHOPOM IO3HAYEHO BY3JIH 3
napamerpoM nopsaky ¢ < 0.5. Hacnipapni, BuauMi MexXi HaJKPUTHYHOTO 3apOJIKA CIIOYATKY
JICI0 3BYXKYBINCA, a IOTIM IoYannm pocTH. MMoBipHime 3a Bce, Ile TOMY, IO MU HE
BpaxyBaJM PIBHOBAXHY IIMPHUHY iHTEp(ENCYy y MOYATKOBHX YMOBAX.

Puc.5. 3menwenns ma 3HukHeHHs OOKPUMUYUHO20 3APOOKA
Fig. 5. Shrinkage and disappearance of the undercritical seed

Puc.6. Picm naokpumuunozo 3apooxa
Fig. 6. Growth of the overcritical seed

3.1.5. HeonHopigHuii BUNAJ0K: IIBUAKICTh KpUCTATI3aLil

DikcyeMO NEPEOXONIOIKEHHS Ta 00MpPaeMO MOYAaTKOBUN Mpo(iiab mapameTpa NOpsIKY,
10 BiANOBia€e piBHOBaXXHOMY iHTepdeiicy. [lani uyncenbHO poO3B’A3yeEMO piBHSAHHS (2),
MPUITYCKAIOuW, LI0 TeMIlepaTypa € MOCTIMHOIO B MPOCTOpi Ta 4aci (Hapa3l HEXTyeEMO
BUJUICHHSAM TeIljla dYepe3 3MiHy IapaMeTpa MOpAAKy B KiHeTHll Kpuctanizauii). Ilpu
noctiiHii Temneparypt T = 1300 K ¢poHT kpucTamizamii pyxaerbcs 3 Maike MOCTIHHOIO
mBHAKICTIO 16 cM/c (nuB. puc.7). Ilpu mpomy dopma mpodinto iHTepdeiicy 3MiHIOEThCS
HE3HAYHO.
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Puc.7. Kinemuka pyxy ¢pponmy kpucmanizayii 3a nocmivnoi memnepamypu 1300K i
3

pyxausocmi M, = 0.25 ﬁ e3smoi 3 [10]
Fig.7 Kinetics of crystallization front movement at constant temperature 1300K at
3
kinetic order parameter M,, = 0.25 ]m—s taken from [10]

3anexHICTh MIBUAKOCTI KpPUCTaNMi3alii BiJl IEPEOXOJIOJUKCHHSI BHSBHJIACS Maike
JiHIHHOIO B Aiana3oHi nepeoxosomkenns 40-150 K.
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Puc.8. 3anesxcnicms weuoxkocmi kpucmanizayii 6i0 nepeoxonooncents 3a NOCmiuHoi

M3
I ¢

Fig.8. The dependence of crystallization velocity on supercooling at constant

memnepamypu 1300 K ma pyxausocmi M, = 0.25 e3samoi 3 [10]

temperature 1300K at kinetic order parameter M,, = 0.25 ;n—i taken from [10]

Tenep nmpoananizyemMo Haml BUOIp pyXJIMBOCTI JUIsl KIHETHKHM TapaMeTpa MOpsaKy. Y
[15] mpoBeneHO MOEKyISIPHO-THHAMIYHE MOJISITFOBAHHS KPHCTAI3aLlil Mifli IPU MOCTiHHOMY
MEePEOXOJIO/HKEHHI B 130TepMiuyHUX yMoBax. Lli MopemroBaHHS TaKOX MalOTh JIHIWHY
3aJI@KHICTh IIBUIKOCTI (POHTY KpUCTami3amii BiJ Tepeoxono/pkeHHs (IS BiIHOCHO
HeBesukoro nepeoxonomkenns menine 100 K). A cawme,
v =pdT = u(Ty = 1),
ne n=0.46 =
3Ha4yeHHs |l 3 HAIIUX JaHuX Ha puc.6 ctanoBuTh 0.002 % L1e o3Havae, 110 KiIHETHYHUHA

xoediuient M, B3atuii 3 [10], moBunen OyTu mepemaciiTaboBaHuii. A came, pesylabTaTH
HAaIoi MOJENi 30iratoThCsl 3 pe3yabTaTaMu MOJeKyIsipHOi nuHamiku (MD), skmo mokmactu

M(pz57—.

M3
k- c
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Lle miiicHO BeNWKe 3HAYCHHS PYXJIMBOCTI IJIs MapaMeTpa MOPSAKY CTBOPIOE HOBY
npobaemy. 3 piBHAHHS (2) 3a TeMIlepaTypu PIBHOBArd HEXTYHOYHM YJICHOM, MPOMOPLIHHUM
0'(p), moxkHa orpumath Audy3iiiHe pIBHSHHS JUIS HapaMeTpa MOPSAKY 3 «KOe(illieHTOM

cee 2 2.
nudysii mapamerpa nopsaaky» M, e(st(g :

4 27 2\p2
T (MyegTsg)Veg

3
Ouinnmo neit «xoediunient nudysii mapamerpa nopsaky»: npu M, =~ 57 &, e(% ~
—-12 [[)K 2 . -7 M2
10 % Se = 1, T = 1000 K BiH craHoButh Oym3bk0 10 - Ile Ha nBa mopsaku
2
Oinbiue, Hix TUNOBUH KoedimieHT nudysii B piguni (1077 MT) 1 Ha T’ ATh NOPSAAKIB Oinble,

2
HiXk KoedinieHT nudy3ii B TBepaoMy crani (< 10712 MT). 3 iHmoro OOKy, 1€ Ha JiBa MOPSJIKH

MEHIIIE, HI’K TUTIOBA TETIONPOBITHICTb.

TakuM 4YMHOM, HAaIllla 3aja4ya B 3arajlbHOMY BHIIQJKy XapaKTePH3YEThCS 1€papXi€ro
XapaKTepHUX YaciB a0o0, IHIIUMH CJIOBaMH, i€papXi€io MBHIKOCTeH. HalmBummm nporecom
€ TEIUIONPOBIIHICT, JEUI0 MOBUIBHIIIMM — €BOJIOiSA mMmapamerpa mnopaaky. IIpodins
KOHIIEHTPAIlii 3MIHFOEThCS IIE MOBUIBHIIIIE.

3a imeero H. boromo0OoBa y BuMagky Takoi iepapxii HEOOXiJHO BBECTH TaK 3BaHMA
CKOpOYECHHI Oonuc (IIBUIMIMK MPOIEC OMUCYEThCA B KBasicTallioHapHOMY HaOmmxkeHHi). Tyt
MU TOPIBHIOEMO pellakcallilo mapameTpa MOpAIKY Ta KOHIEHTpalii. Y MmeraneBiid cuctemi
peakcarisi mapaMmerpa MopsIKy BiIOyBa€eThCs IIBUIIIE, HIK pelaKcarlisi KOHIIEHTpaIlii, TOMy
il ¢l omMCcyBaTH y KBa3icTalloHApHOMY HAONIMKEeHH], 1o Oye 3po0ieHo y po3aini 3.4.

3.2. HeizoTepMmiuHna KpucTaJizaiisi

3.2.1. BpaxyBaHHs TeNJIOBHiJIEHHS i Mepepo3Moaily TeMnepaTypu

Sk mpaBwio, TEIJIOOOMIH 1 MEPepo3MOILT TeMIeparypu BinOyBaroThcs Habarato
HIBULLIE, HDK pyX aToMiB 1 ¢a3oBi neperBopeHHs. Tomy, 1mo0 yHHKHYTH HEOOXI1THOCTI
3aCTOCOBYBATH JIy’K€ MaJll KPOKU IO 4acy, MM MOXKEMO BUKOPHUCTOBYBATH KBa3iCTalllOHApHE
HAOJMKEHHS 1711 TEMIIEpaTypH:

oT AH® )
E=Dt|72T—3—kbp(<p)a—<wa (13a)
AHat
V2T = = (0(Pnew) — P(¥)) (13b)
blt

Mu HamaraeMocsi 4YHMCEIIBHO pO3B’s3aTH II€ PIBHSHHS CTAIllOHAPHOTO CTaHy 3a
JI0NoMororo anroputmy tuny fko6i. [lepir 3a Bce, BBeZieMo pi3HMLIEBY (OpPMY AMBEpreHIii
rpaaienTa npu ¢gikconaniit I'IIK pemritui By3mniB (KOMipoK):

V2T = div (grad(T)) = # gra;zi(tp)dS

Toni:
T(in)—~T(i,j,k)
¢ grad(p)ds = ilr%=17451
Cyma 1yT 6eperhest o 12 HalOmmKIuM cycifaMm neHTpaibHoro Bysia (i, J, K).
0N =120, (AS; - mnoma KoXHOI rpaHi, {2; — 00’eM KOXKHOT TipamiJu BHCOTOK h =

a AS .
ov3 3 ThauHio miomeio AS; B OCHOBI):
la/V2
1= 3 AS;
2
Toni:
1 , ..
V2T = — (Cii=1 T(in) — 12T (i, j, k) (14)
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O06’ennaBumm piBHsHHS (14) Ta (13) OoTpMyeMO HACTyHHE PIBHSHHS CTal[lOHAPHOTO
CTaHy TeMIepaTypu:
aZAHat

T jk) = = (B, TG0 — 222 (p(pne) — p(9))}  (15)
blt
[[IBuAKICTh TIEPEPO3NMOILTY TEMIIEpaTypy 3a3BHYail HabaraTo BHUINA, HIXK IIBUIKICTh
KpHUcTamizamii/miaBneHHs. ToMy OJHOYAaCHMM pPO3B’A30K KIHETHYHUX PIBHSHb IS
TEMIIEpaTypy Ta MapaMeTpa MOpsAKy Oyae MOKIMBHM JIMIIE 33 JyXKe MaluX KPOKIB y Haci,
2

a .
NPOJUKTOBAaHUX YMOBOIO dt < o OTxe, MU TNOBUHHI BUKOPHUCTOBYBaTH HAOIMKEHHS
t

KBa3iCTAI[IOHAPHOTO CTaHy Ul TEMIIEpaTypud Ta YHCENbHO pO3B’s3aTh piBHAHHA (15) 3a
JIoTIoMOror0  anroputMy Sko6i. Taky iTepamiiiHy mpoueaypy CiiJ MOBTOPIOBATH IiCISA
KO>KHOTO KPOKY B eBoiolii mapamerpa mopsiaky. Ilpu mpomy posmoain Temmeparypu Ha
HONepeTHbOMY KpOILli MO Yacy BHUKOPHCTOBYETHCS SIK ITOYATKOBA iTepalis Ha HACTYIHOMY
KPOL.

3.2.2. IlomiMpeHHs MJI0CKOT0 (PPOHTY

Tyr MH BpaxoByeMO JIOKaJlbHE HarpiBaHHS IIiJ] 4yac Kpucramizamii. Po3B’s3yemo
CHCTeMy pIBHSHb JJIs NapameTpa IMOpSAAKY Ta TeMIepaTrypd, yTPUMYIOUH TeMIIepaTypy
IUTaBJICHHS Ha PIBHI -0 1 MOCTIHHE NEpPEeOXOoNOoKeHHs Ha piBHI +oo. Tumosi mpodimi
napaMeTpa KpUCTaIIYHOTO MOPSIKY ¢ 1 TeMneparypu | moKa3aHo Ha puc.9.

a b

10
1355
08
1350

06
=Y 1345

04
1340
0.2

0.0

2.8

0.0 05 10 15 20
time -7

Puc.9. Kpucmanizayis (nepemiwenns pponmy xpucmanizayii) 6 HeizomepmiuHoMy
3pasky: (a) cmayionapnuil npoghine kpucmaniuno2o nopsoky, (b) cmayionapruii npogine
memnepamypu, (C) intocmpayisi NOCMIHOT WBUOKOCMI (hPOHMY - NIHIUHA 3ATIeHCHICMb
Koopounamu ¢ppoumy 6io uwacy

Fig.9. Crystallization by moving crystallization front in non-isothermal sample: (a)
steady profile of crystalline order, (b) - steady profile of temperature, (c) illustration of
constant front velocity - linear dependence of front coordinate versus time

VY upomy BUMNAAKY MIBUIKICTH (PPOHTY KpHCTali3alii 3alHIIA€THCS MOCTIHHOIO B Yaci.
Ane BeauunHa Ii€] MIBUAKOCTI BUABIIIETHCS MEHIIONI0, HDK 0€3 TEIUIOBUALIEHHS. 3alI€KHICTh
i€l MBUAKOCTI BiA mepeoxoyiojkeHHs (puc.10) Takok 3aJMIIaeTbes JIHIKHOIO, ane 3
MEHIIUM KoedilieHToM, Hik 0e3 TeruoBuaAlIeHHs. LI yncenbHl eKCIepUMEHTH MOKYTh OyTH
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KOPHUCHUMHU JUIsl OIIHKH ONTHMAJIbHOTO 3HAYCHHS M, y KIHCTUYHOMY PIBHSHHI IS
napaMerpa KpUCTATIYHOTO TOPSAKY.

0.275
0.250
0.225
0.200

v, M/cC

0175
0.150
0125
0.100

60 80 100 120 140
AT, K
Puc. 10. Jlinitina 3anesicnicms weuoxocmi ¢oponmy 8i0 nepeoxonoodiceHHs 8
Hei30mepMIiuHOMY 3PA3KY
Fig.10. Linear dependence of front velocity on overcooling in non-isothermal sample

3.3. [loOynoBa ¢paszosoi giarpamu

3.3.1. [loGynoBa (pa3oBoi giarpamu NpsAMUM TEPMOAUHAMIYHMM MeTOAOM (CHUIbHI
AOTHYHI)

3Ha0uM BUIBHI eHeprii sk (QyHKIIT TeMrepaTypy Ta KOHIIEHTpALii A BCIX TBEPAUX 1
piakux a3, MH MOXemMo MMOoOyAyBaTH piBHOBaXHY (Hha3oBy jdiarpamy 3a JOIOMOTOIO
CTaHJAPTHOTO METOAY CIHUIBHMX JOTHYHHUX. TepMOOMHAMIYHI BJIACTHBOCTI  cpibia
(koMmoneHT A) i Miai (kommoneHT B) B3sTo 3 [16-17].

Vi, =(115.3871-T — 3.30338 - 1073 - T? — 23.2782 - T - In(T) — 7234.04) /N,

Vig = (127.01565 T —3.44749 - 1073 - T2 + 4925483 - 1077 - T3
42308.2

— 148406610710 . T4 + T —23.55055 - T - In(T)
- 7589.27) /N,
. 179.8877-T —33.35-T - In(T) — 3370.18
AA =
Ny
. 191.2084-T —33.52-T - In(T) — 2699.24
BB — N,

Eneprii 3mimryBaHHS AJi1 TBEPAUX 1 PLAKUX OIHAPHMX CIUIABIB, alPOKCHMOBAHI SIK
TiHiAHI QyHKUIT TemnepaTypu, Oyio B3sto 3 [10]:

s _ %+ o5
mix ZNA 4
. znéﬂz{T
mix ZNA "

Jns koxHOi ¢ikcoBaHOI TeMIepaTypu KOHIIEHTpALiiHy 3aJeKHICTh BUIBHOI €Heprii
Oyo B34TO y HaOMIKEHHI PEryJIIpHOTO PO3YMHY, ajle 3 YpaxyBaHHSAM TeMIIEpaTypHOi
3aJIe)KHOCT1 €Hepriil B3aeMo/ii.
9° = Via(T) - ¢ + Vigp(T) - (1 = ©) + 2Ep (T) - ¢ - (1 = ©))
+kgT(c-In(c)+ (1 —c)-In(1—-70))
g' = Via(T) - ¢ + Vgp(T) - (1 =€) + 2Epn(T) - ¢ - (1 = ©))
+kgT(c-In(c)+ (1 —c)-In(1—10))

91



ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcureTy. Bumyck Nel. 2023

c

1—c)
c

gS
2o = Waa(T) = Vip(1) + 2E5(T) - (1= 26)) + kep T - In(
l
g

50 = Vaa(T) = Vip(T) + 2B (T) - (1= 20)) + kgT - In(5

3a TeMrepaTyp BUIIE EBTEKTHYHOI, CHUIbHI JOTHYHI Ta BIJMOBIAHI PIBHOBaXHI
KOHIICHTpaIlii 0yJI0 pO3paxoBaHO MIJISXOM MiHIMI3aIlii HACTYITHUX KBAJPaTiB BiIXHJICHb:

ag° g'(c) —g°(c), 09" g'(cx) — g°(c1)
_ dg° g'(c3) — g°(c)), . 0g" g'(c3) — g°(ca)
AR—(aC|c4— P )+(ch3— R )

MiHiMaTbHUM 3HAYCHHSIM JIAHUX BIAXWICHD BIAMOBITAIOTH KOHIEHTPAIlli PIBHOBAKHHUX
pimuH o1 (puc.11).

N

S -9.0 \
o
= :
o 95
L
0.0 0.2 0.4 0.6 0.8 10

C,dg

Puc. 11. Ilobyoosa cninbrux oomuunux o1 memnepamypu suwe eemexmuxu (T = 1075
K). 2Koemi mouxu 6ionogioaroms pieHo6a3i Midc meepoum po3uuHOM HA OCHO8I cpibna ma
PIOKUM PO3YUHOM, CUHI MOYKU 8I0N0BIOAIOMb PIBHOBA3L MIdHC PIOKUM PO3UUHOM | MEepOUM

PO3YUHOM HA OCHOBI MiOi
Fig. 11. Common tangents construction for temperature above eutectic (T = 1075 K).
Yellow dots correspond to the equilibrium between silver-based solid solution and liquid
solution, blue dots correspond to the equilibrium between liquid solution and copper-based
solid solution
[ToBTOpIOIOUM 1110 MPOLEAYPY VISl PI3HUX TeMIeparyp (BKIIOUYAIOYM NpsSIMYy pIBHOBAry

MK TBEPAMMH PO3YMHAMH MPH TeMIEepaTypax HUXK4Ye €BTEKTUYHOI), MU OTpuUMai (a3oBy
niarpamy (puc.12).
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Puc. 12. @azosa diacpama Ag-CU, nobyoosana memooom cnitbHux 0OMu4HUX
Fig. 12. Phase diagram of Ag-Cu constructed by common tangents method
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3.3.2. [TodyaoBa ¢a3oBoi giarpamu Mmetoaom audy3iiiHux nap

Merton audy3iiHUX map crodatrky OyB po3poOJieHHH SK eKCIIepUMEHTAbHA TEXHIKa
Ui oTpuMaHHs ¢a3oBux miarpam [18]. Mu BuKOpUCTanu 1€l METOA B HAIIUX YUCETbHUX
eKCIepuMeHTax: OepeMo CTYMiHYaCTHH PO3MOJALT KOHLEHTpAIii SK MOYaTKOBY YMOBY Ta
MoAeMoeEMO auQy3i0, JAOKHM CHCTeMa HE [iijie 0 1HIIOTO CTYMIHYAaCTOrO MpodiIto
koHIeHTpanii. KiHmeBa cxonuHka BiAMoBigae KOoHOAI. Ilpu BHKOPUCTaHHI IIHOTO METOIY
BKJIMBO IMi110paTH MOYATKOBI KOHIICHTpAIlii Ta MOYaTKOBI JOBXWUHU NU(PY31HHUX Map Tak,
00 cepeaHs KOHICHTpaLlis 3HaX0AuIach y 1BoQa3Hii o0macTi.

Pesynbratn mpoaemoHcTpoBaHo Ha puc.l13. Puc.14 neMoHCTpye NMOpPIBHSHHS METOIY

TQy3iiHIX nap (4epBOHI TOUKH) 3 Pe3yIbTaTaMH METOAY CHUIBHUX JOTHYHUX (CHHI TOUKH).
1350
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150 — @ ®
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Puc. 13. @azosa diacpama Ag-CU, nobyoosana winsixom mooentosants 63aemooudysii
oughysitinux napax
Fig. 13. Phase diagram of Ag-Cu constructed by simulation of interdiffusion in diffusion

couples
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Puc. 14. Ilopieuauns gpazosux diacpam, no6y0o8arHux memooom Ouy3iuHux nap
(uepoHi mouxu) ma mMemooom CRilbHUX OOMUUHUX (CUHI MOYKU)
Fig. 14. Comparison of the phase diagrams constructed by diffission couples’ method
(red dots) and the common tangents method (blue dots)

3.3.3. IlopiBHAHHS KiHETHYHOI0 TA TEPMOJIMHAMIYHOI0 METO1iB

3 puc.14 moxemo O6auuTH, MmO JBAa METOAM JAOTh JEHIO Pi3HI pe3yibTatd. Mwu
BBKAEMO, 110 MeToA Mudy3iifHUX map y HaIIoMy MOJENIOBAaHHI MPOJEMOHCTPYBAB JEsKi
MPOMDKHI KOMMO3MIIIi, $KI HE BIANOBIAAIOTh ICTUHHIN piBHOBa3il. OCKUIBKH METOJ
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TUQy31MHUX Map € KIHeTHYHUM METOJIOM, MU MaeMO YHCEIbHO PO3B’S3yBaTH KiHETHYHI
PIBHSHHS 3B 3Ky MK KPHCTaJIIYHUM [IapaMeTpoOM HOPsAKY Ta KOHLEHTpauisiMu. Crodarky,
KOJIM MU BMKOPUCTOBYBAJIM KiHETHYHMH KoediuienT M, mns napamerpa nopsaxy 3 [10],
JacoBa EBOJIOIS MMapaMmerpa TOPSAAKY BHUSBHIACS HA0AraTo IMIBUIIIOK, HIXK EBOJIOIISL
KoHIeHTpauii. OTxe, 100 OTpUMAaTH PO3B’A30K, MM MAaEMO OOpaTH AyXe Majluil KpoK IO
qacy, Ha SIKOMY €BOJIIOLISI KOHIEHTpamii BiIOYyBaeThcsa AyXke MOBLIbHO. TOMy MU IITYy4YHO
3MEHIUMIIM KIHETUYHUA mapameTp M, 3 Haji€ro, IO 1€ HE 3MIHUTh KiHIEBMH pe3yibTar
(piBHOBa)XHY KOHIICHTpAIII0), IKAI HE TTIOBUHEH 3aJIe)KaTH BiJ KiHeTHKH. [IpoTe HacmpaBni e
MaJio He3HauHUH BIUIMB. ToMy, 11100 MOKPALIUTH CUTYAIliI0, TOOTO 100 JOCATTH CIPABKHBOI
pPIBHOBarv, MU MaeMO JIBl MOXJIMBOCTI: JyXe JOBre 0OYMCIEHHS 3 MAJIUM KPOKOM IO 4acy
a00 BHKOpHCTaHHS KBa3iCTAlliOHAPHOTO HAONWIKEHHA IS PpIBHAHHS  IapaMeTpa
KPHUCTaIIYHOTO HOPSIIKY.

3.4. KBazicranionapHe Ha0JIMKeHHS /ISl IapaMeTpa MOPSAKY
KBazicrarionapHe HaOIMKEHHS IS TapaMeTpa MOPSIKY:

2 — My {e2Ts2V2p - wTg () — P (@) (£ (T) — fs(T)} = 0
29/ (@) +7'(9) R (16)

€& e5Tsy

rad(¢p)dS
72 = div (grad(gy) = LI

3aCTOCOBYIOUM II€ PIBHSHHSA 10 00’€My HpPUMITHBHOI KoMmipku (komipku Birnepa-
3eiTia), OTpUMY€EMO:

Vip ~

w

fL(T)_fS(T) (17)

22
pTsy

V2o =5=9'(9) +1'(9)
Po@

PiBusirHs (17) B3sITO 32 OCHOBY iTEpaIliiHOrO aIrOPUTMY. A came, cTallioHapHe
PIBHSTHHS IMapaMeTpa KPUCTATIYHOTO TOPSIIKY BUpaKae HOBY iTEpaIlito Ast PYHKIIT ¢ y JiBii
yacTuHi piBHsAHHSA (18) yepe3 monepeqHio iTepalliro:

0G0, k) = S{EH o) - a(

VY mamniit mojeni kputepieM 30DKHOCTI MU OOpajii 3HAYEHHS CEPEeIHBOTO KBAIpaTy

w

/ ! fL(T)—fS(T)
et AORIIOR -] S

. .. . . —4 3k
P13HUI1 MK HACTYITHUMHU 1TCpallIIMA MCHIIIC 34 10 4 A_I-;) Ha TOYKY.

3.5. IlepeBipka MOKJIMBOCTI €BTEeKTHYHOI KpHcTaJdi3alii 4depe3 CHiHOZAIbHMIA
po3Maj nepexiiHoro HecTiiiKoro TBepA0ro po34nHy

Etan 3aponkoyTBOpeHHs i dYac €BTEKTHMYHOI KpHcTami3auii J0Ci HEeI0CTaTHbO
rimmboko BuBYeHWH. Kmacmuna teopis nykineamii (CNT) 06a3yerscsi Ha TpHITyIICHHI
(3pobaenomy I'i66com), 110 3apoI0K HOBOI (pa3u Ma€ Ti K BIACTHBOCTI, 1110 ¥ MaKPOCKOITIYHA
(06’emHa) HoBa (a3za, 1 BCs PI3HMLS TNPHUIHUCYETHCS €HEprii B3aeMOAIl MK 3apOJIKOM 1
MaTepUHChbKOI (¢a3zoro (MaTpuuero). [Ipum eBTekTHYHIN KpucTamizamii pI3HULS MK
KOHIIEHTPALIEI0 €BTEKTUYHOI PIIMHU Ta KOHIIEHTPAIIEI0 OTPUMAHUX TBEpAuX (a3 3a3BUUAl
BelMKa. IMOBIpHICTH Takux BeNUKUX (GQIyKTyalidl Ayxke Huszbka. A came, WMOBIPHICTh
daykryanii koHmeHtpamii Ac B 00’eMi, mo mictuth N aTomiB, mpomopIiiiHa MOKa3HUKY

VAP

exp(—N %}.
3apogok Mae po3Mip HE MeHIme | HM 1 MICTUTh HE MEHIIE KiJTbKOX COTEHb aTOMIB.

Hexait N =500. [Ipyra noxijgHa BUIbHOI €HEpTii A 11€aIbHOTO PiIKOTO PO3UMHY JOPIBHIOE
kgT

c(1-c)
KoHIeHTpanii Ha 10% mponopuiiina nokasuuky e~ %, Taka HM3bka HMOBIPHICTH O3HAYAE, IO
IpUpoJa MOXKe 3HAWTH 1HIIMHM CHOCi0 CTBOPEHHS KpPUCTANIB 3 BIAMIHHUM ckiagoMm. Lls

s exBiaroMHOro cknany ne npubmusHo 4kgT. Toxmi MMOBIpHICTH (uIyKTyarii
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CHTyallisl CXOka Ha mpoOiieMy TBEPAOTUIPHUX peakuii Ha iHTepdeiici MK JBOMa
KOHTaKTYIOUMMH Martepianamu. JletanbHe NOCHiPKEHHS IMOYaTKOBUX CTaill TBEPIAOTUIBHUX
peakmiii mMetogoM 3D atomuoi Tomorpadii (APT) mokasye, mo y OaraTbox BHITaJKax
YTBOPEHHIO ~KPUCTAIIYHMX TPOMDKHUX (a3 mepeaye YTBOPEHHS JyK€ TOHKOTO
HEBIOPSIKOBAHOTO MXK(a3HOTro mpomapky. Po3mupeHHs mboro npomapKy 3pemTor0 poouTh
MOXKJIUBUM 3apOpDKeHHS Kpuctaimidyaux ¢as [19-20]. Kpucranizamis pigkoro cruiaBy y Bl
KpHUCTaniuHi (as3u, SKi MalOTh 0JHAKOBY rpatky Ta W-momiOHy KOHIIEHTpaliiiHy 3aJIeXHICTh
y TBEpPAOMY CTaHI 3a YMOBH BIJICYTHOCTI piakoi (a3m, Takok MOXe BigOyBaTHCS dYepe3
JEeSTKUN TIEPeXiTHHIA CTaH.

a b

pigvHa pipuHa

TN KpucTan

Puc. 15. Jlea mosicrueux sunaoxu eemekmuyHoi Kpucmanizayii uepes cniHoOa IbHulL
pedrcum: (a) cninodanbHa 06aacmes meepo02o PO3UUHY € MeHUL CRPUSMIUBOIO, HINHC PIOKUT
Memacmadinoruil po3uun, (b) meepouti po3uun € sucioHiwuM 3a piokui 6y0b-1K020 CK1A0Y

Fig.15. Two cases of possible eutectic crystallization via the spinodal mode: (a) the
spinodal region of the solid solution is less favorable than the liquid metastable solution; (b)

the solid solution is more favorable than liquid at any composition

JlificHO, SIKIIO MOYaTKOBOTO NEPEOXOJOPKEHHS JOCTaTHBO MAJS TOro, HI00 BEpXHS
yacTuHa W-KkpuBoi OyJia HHK4e KpuBoi piguHu (puc. 15(a)), Toai noaiMopdHa Kpucramizanis
HaBiTh 0€3 3HAYHMX KOJMBAaHb KOHLIEHTPALl Jja€ MOYaTOK CHIHOJAIBHOMY po3many. SIKio
BEepXHs 4yacTuHa W-KpHBOi 3HaXOJIUTHCS HaJ KpuUBOK piauHu (puc. 15(b)), MokHa Bce 1e
PO3MIIAIaTH MOKIIMBICTE QUIYKTYallil mapameTpa nopsAaky (JIokajlbHa KpUcTalizalis 6e3 3MiHU
CKJIamy, siKa, TepII HDK pelakcyBaTH Has3ad, MOXXE PpO3MACTUCh, POOISYA HEMOKIHBHM
3BOPOTHE PO3IUIABNIEHHS). 3BICHO, MM TIOBHHHI OI[IHUTH Ta TOPIBHATH YacoOBi KOpPEMAIii
baykTyarii mapaMeTpa KpHCTAJIIYHOTO TOPSIKY Ta XapaKTEepHHM Yac CHIHOAAJIBHOTO
posnagy. 3aMicTh (hIyKTyauid KOHLEHTpalii, MM BHBYAaEMO (IyKTyauii CTPYKTypH, SIKI €
¢GuykTyanissMu napaMmerpa Hopsaky ¢. Y BHUNAAKY (a) MU OUIKYEMO ICHYBaHHSI KPUTHUYHOTO
3apojiKa, 110 3a0e3nedye KpUCTAIi3alilo 0JHOYACHO 31 CIIIHOJAIBHUM PO3IMaZioM 3pOCTar0YOi
KkpuctaniyHoi yactuau. Y Bumnaaky (D) TBepamii craH € meracTalbiibHUM, TOMY MOXHA
OUiKyBaTH, 110 KpUCTaji3alis OyJie YCHIIIHO JMIIE 32 YMOBH, IO CIIHOJAIBHUN po3nan y
KPUCTAJIIYHOMY 3apOJKy BiAOYBa€ThCs IIBUIIIE, HIK pelakcalis 3 KPUCTAJIIYHOTO CTaHy
Ha3a/1 y PiAKHMA.

3.5.1. I'ereporenHa HykKJeawisi: HaAKPUTHYHHN 3apOJOK TBEPAOro PpPO34YHHY B
piakiii nepeoxosoaxkeniii gpasi

Mu po3MicTUIM KpUCTATIYHUH 3apooK (KyO 31 3HAaUEHHSM MapaMeTpa KpUCTaTiuHOTO
nopsiaky @ = 0) 24a X 24a X 24a B nepeoxoyio[DKeHii pinuHi (31 3HAYEHHSIM TapaMeTpa
KpuctamiyHoro mopsiaky @ =1) nmpu T = 900 K. 3 wyacom kpucraiiuHa o06JacTb
posmmproBaiack (puc.16(a)), a Bcepeauni Hel BigOyBaBcs criHoAanbHuil posnai (puc.16(b)).
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Puc. 16. Haokpumuunuii 3apoook: (a) npogine napamempa KpucmaiiyHo2o nopsoxy
6300862ic 0CI Z npu pixcosanux X, Y nicis neenoeo uacy esonoyii, (b) npoghine konyenmpayii
8CepeOUuHi 3pocmaroyoi Kpucmaniunoi ooaracmi

Fig. 16. Overcritical seed: (a) order parameter profile along the z-axis at fixed x, y
after some time of evolution, (b) concentration profile inside the growing crystalline region

3.5.2. 'eTeporenHna HykJleamisi: JOKPUTHYHHUI 3aPOOK TBEPAOIr0 PO34YMHY B PiIKii
nepeoxoJio/KeHii ¢asi

Menmuii 3apofok kpucraiaidHoi ¢asu 8a X 8a X 8a B mepeoxosoKeHid piiuHI 3a
tiel x temneparypu T = 900 K e 3poctaB. [IpoTte i HE 3MEHIIyBaBCs: €BOJIOLIS TapamMeTpa
KpucTaniyHoro nopsaaky Bix 0 mo 1 BigOyBanach 0OHOYACHO B yCbOoMy 00’€Mi 3apojiKa, TOMY
BCl By3JIM 3apojiKa MEPeHIUIM y PIIKUI CTaH NpakTU4HO ojHodacHo (puc.17(a, b)).
CriHomanpHUN pO3IIaJ] JUIIE PO3MOYaBCs B i KPUCTATIYHIN 00J1acTi, ajje He MaB IIaHCIB Ha
yemix (puc. 17(c, d)).
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Puc. 17. [Jokpumuunuii 3apoook: (a, c) npogine napamempa KpucmaiiyHo2o nopsoxy
63008621ic 0Ci Z npu ixcosanux X, Y nicis negrnoeo uacy esonoyii, (b, d) npoghine xonyenmpayii
Fig. 17. Undercritical seed: (a, c) order parameter profile along the z-axis at fixed x, y
after some time of evolution, (b, d) concentration profile
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4. BUuCHOBKM

1. llnaxom moeqHaHHs migxonay (azoBoro mois ao kKpuctamizamii Ta metoxy SKMF,
HaMU OyJ0 poO3poOJIEHO Ta MEPEeBIPEHO y3aradbHEHWH CTOXACTUYHHA KIHETHYHUN METO]
cepeanboro moist (GSKMF).

2. Po3poOnenuii metox Oylo 3acTOCOBAaHO JO TOMOTEHHOI Ta TeTepOTeHHOT
KpHUCTami3amii OIHOKOMIIOHGHTHOTO pO3IUIaBy 3a CTalioi TeMmIepaTypd, a TaKoX 3
ypaxyBaHHSM TeIUIa, [0 BUAUSIETHCS MiJ] 9ac KPUCTAi3allii.

3. 3mificHeHO cmnpoOy 3acTOCYBaHHS PO3POOJIEHOTO METOAY 1O EBTEKTHYHOL
KpHUCTaTi3alii 6iHapHOTO PO3IIABY.

4. Huszpka WMOBIpHICTH (QUIyKTyalliil KOHIEHTpalii Ha BenuuuHy Oiunbiie 10% (wro
HEoOXiMHO I (QOpMyBaHHS 3apojKka pe3yJbTyouoi TBepAoi (aswm y eBTEKTUYHOMY
pO3IIaBi) BKa3y€ Ha MOXJIMBICTh ICHYBaHHS ajJbTEPHATMBHOTO MEXaHi3My €BTEKTHYHOI
KpucTamizamii. Hame npunymieHHs, miaTBep/pKeHe YUCEbHUM EKCIIEPUMEHTOM, IOJIATaE B
TOMY, III0 €BTEKTHYHA KPHUCTAIi3allisi MOXE BiJIOYBaTUCh ILJISIXOM YTBOPEHHS MEPEXiJTHOTO
HECTIHKOTO TBEPIOT0 PO3YMHY 3 TIOJAIBIIUM CITIHOJATEHAM PO3IIaIOM.

IMopsaknu
ABTopka BasuHa npodecopy A.M. I'ycaky 3a mocTaHOBKY 3ajadi, MOpay Ta 3BOPOTHii
3B’SI30K IIPOTATOM YChOTO TPOIIECY AOCITIKSHHS.
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GENERALIZATION OF THE SKMF METHOD ON THE SOLIDIFICATION OF
ALLOYS

We developed the generalized stochastic kinetic mean-field method (GSKMF) and
applied it to simple cases of isothermal uniform and non-uniform crystallization and non-
isothermal non-uniform crystallization. The simulation results were compared with
experimental data and molecular dynamics simulation data. After this, we chose the model
parameters that give values of the crystallization front velocity close to the experimental data.
The possibility of eutectic crystallization by spinodal decomposition of a transient unstable
solid solution was studied.

Conclusions: The developed GSKMF method was tested on cases of homogeneous and
heterogeneous crystallization of a single-component melt at a constant temperature, as well as
taking into account the heat released during crystallization. An attempt was made to apply the
developed method to the eutectic crystallization of a binary melt, and the possibility of the
existence of an alternative mechanism of eutectic crystallization (through the spinodal
decomposition of a transient unstable solid solution) was found.

Keywords: phase field method, stochastic kinetic mean field method, order parameter,
diffusion, crystallization.
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