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Y cmammi euceimneni ocHoHI HANPAMKU HAYKOBOI ma nedazo2iuHoi OisibHOCmI KaHouoama
XIMIYHUX HAYK, Ooyenma Kageopu Xximii ma Hanomamepianosnascmea Banenmunu OnexcanopisHu
Minaesoi. Cmamms 6i000padicae 6acomi 00CACHEHHS 6UEHOI 8 2aly3i MOJEKYIAPHOI CNeKMpPOCKONii
ma ¢homoniku Hanomamepianie 3 gukopucmantnim vacmomu Tly. Pobomu doyenma Minaesoi B. O.
000pe 8idomi y ceimi, onyoONiKOBAHI Y NPOBGIOHUX MIHCHAPOOHUX HAYKOBUX HCYPHALAX I 0080 WUPOKO
YUMYIOmMsbcs y c8imogiil Haykositl aimepamypi. Ha cbocoOHiwHill OeHb 3a OaHUMU 6CeC8imHbOL
aeenyii «Scopus» Minaesa B. O. mae pevimune Xipwa h = 18.

Kurouosi ciioBa: ananituuna ximist, Y@, [4 Ta AMP cniekTpockormisi, XiMisi HaliBIPOBI THHUKIB,
METO/I CaMOY3T'0JIPKEHOTO OIS Ta KOH(ITypaIliiHoi B3aeMoii, Teopis GYHKIIIOHATY I'YCTHHH.

31 mumas 2020 poky Yepkachbkuil HalllOHATHPHUN YHIBEPCUTET BIJICBATKYBAB IOBIJICH JOIICHTA
kadenpu ximii Ta HaHOMAaTepiaIO3HABCTBA, KaHAMUIaTa XiMIYHIX HayK Banentuau OnekcaHapiBHU
MinaeBoi. binpiie TpuAnATH POKIB CBOET HAYKOBO-TIENAroriyHol AisulbHOCTI  BaneHTuHa
OsnexcanzipiBHa TNPUCBATHIA MIATOTOBLI BUCOKOKBaTi(piKOBaHUX (Pi3MKO-XIMIKIB 1 XiMIKiB-
AQHATITUKIB, $KI TMPAIlOIOTh Y IIKOJaX, HAYKOBHMX Ta HAayKOBO-BHPOOHHYMX JIaOOpaTOPIsX
UYepkalinHy, a TaKOX 1O BCii YKpaiHi i qayneko 3a il Mexxamu. 3HauHU BHECOK JOIeHT MiHaeBa
3poOmIa B CHpaBi CTaHOBJEHHS YepKachbKOl MIKOJIM XIMIUYHOI (PI3MKH 1 CHEKTPOCKOIIi, Mpo II0
CBiuaTh 11 HAyKOBI MyOJIiKaIlii — Maii>ke IMiB COTHI CTAaTeH B 3apeeCTPOBAHMX XKypHaax, 3 HAyKOBI
MoHorpadii, 15 migpydHuKiB Ta OIU3BKO THCSY1 IUTYBaHb 10 CKOMmycCy.

B. O. MinaeBa 3akinunna ToMcbkuil gep>kaBHUN yHiIBepcuTeT y 1967 pori Ta acipanTypy B
1972 pori 3a cienianbHICTIO XiMist HATIBIPOBITHUKIB. 3aXUCTHIIA KAHIUJATChKY IUCEPTAllil0 B TOMY
x 1972 pori 3a crenianpHIiCTIO (izmaHa Ximis. Omeprkana BaXIMBI PE3yIbTaTH IO JOCITIKSHHIO
G13UKO-XIMIYHMX SBUII Ha TOBEPXHI apCeHiay ramiro, ski Oylo BHpPOBAIKEHO B BHPOOHHUIITBO
HaMIBIPOBITHUKOBUX NPUCTPOiB. Y 1974 poui, micns podotu B [HctuTyTi XimMii HadTi Cubipcbkoro
Binninenns AH CPCP monoammm HaykoBUM CHiBPOOITHUKOM, MEpeilia Ha Mocaay CTaplioro
BUKJIa/Ia4a, a MoTiM JoueHTa B Kaparananncekomy nepxasaomy yHiBepeuteti (Kap/lV, Kazaxcran),
Jie TIpaloBaia BOpoAoBXK 15 pokiB Ha kadenpi anamituyHoi Ximii. Y 1989 poui nepeixana B Ykpainy,
ne y [MaBnorpani i Kuesi memmkanu i 6aTbku Ta BCi 40JIOBIKOBI poandi. 3 Toro vacy, nonaa 30 pokiB
nparioe B YepkacbkoMy HalllOHaJIbHOMY yHiBepcHUTeTI iMeH1 bornana XmMenbHUIBKOTO.

VYV KaparananHCbKOMY JIep)KaBHOMY yHiBepcuTeTi Banentuna OmnekcaHapiBHa JOBTMM dYac
3aiiMasiach €JIEKTPO-XIMI€I0 XaJIbKOT€HI1B, KOPO31€I0 METaliB, FT€OXIMIYHUMH JOCIIPKEHHAMH. Y
YepkacbkOMy HAI[lOHAJIbLHOMY YHIBEPCUTETI pO3BHHYJIAa CBOi METOJMYHI HaIlpalloBaHHS B
BUKJIaJJaHH] aHATITUYHOT XiMii, BUuaana 15 mociOHUKIB 1 MiAPYYHUKIB 32 PI3HUMH PO3ALIaMHU XiMii Ta
CHelKypcaMH, 30KpeMa I0JI0 3aCTOCYBaHHS KBaHTOBOI XiMii B aHaumizl. [louent MinaeBa B. O.
nepuio B YKpaiHi movaja BUKOPUCTOBYBATH METOJIM CaMOY3TOKEHOro 1o i KoHdirypamiinoi
B3aEMOAIl [ 3ajad aHAJIITUYHOI XiMii TOpU po3paxyHKax yiabTpadioneroBux (Y®P) Tta
iHppayepBoHux (IY) crekTpiB KOMILJIEKCIB 10HIB MeTalliB, CTEpPOiJHMX T'OPMOHIB, OapBHHUKIB i
JOMIHOGOPIB ISl MOJIEKYJISIPHOT €JIEKTPOHIKH.

OcHOBHUMM 3700yTKaMH BUECHOI-IOBUIPKY € aHaJi3 BUIUMUX U yIbTpadioleTOBUX CHEKTPiB
KOMIUIEKCIB 1pHJIiI0, PYTEHII0, POJAHIAIB, KCAaHTEHIB 1 BEJIMYE3HOTO KJacy IeTepo-LIUPKYJIEHIB.
KBanToBi po3paxyHku B. O. MinaeBoi Ha ocHOBI Teopii ¢pyHkuioHany ryctunu (TOI") mis cunoBux
MOJIIB CTEpPOifHMX TOpMOHIB Ta ix [Y cmekTpiB cTaiu BI3UTHOIO KapTKoOl YepKacbKoro
HAI[IOHAJIBHOTO MPHU BUKOPUCTaHHI KOJMBAIBHOI CIIEKTPOCKOMIi /Ui aHallizy 3B'I3Ky TOPMOHIB 3
peuentopamu [1-8]. V cmiBopaliii 3 BUeHUMH IHIIUX KpaiH BIPOBAIKEHO Tepa-TepLOBY TEXHIKY
BHUMIPIOBaHHS HU3bKO-YAaCTOTHUX CHEKTPIB CTEPOINHUX FOPMOHIB i KOMOIHALIHHOTO PO3CIIOBAHHS
cBiTia. [HTEepec 10 11i€l TEXHIKM B OCTaHHI POKM 3pOCTa€ B aHal131 TOPMOHIB MPH JIIKYBaHHI psy
XBOpoO [6-8].

Pesynbratu nocnigxkenHs ctpykTypu Ta [H criekTpiB HOBUX IeTEpOLMKIIIB Ha OCHOBI TETpaoKca
[8] umpkynenis [9—17] y3aransHeni Banentunoro OnekcaHapiBHO B HEllloAaBHi MoHorpadii [13],
gKa € MepmuM (QyHIaMEHTaJbHUM OOTPYHTYBaHHSM JUIsi HOBOT'O HANpPSIMKY B OpraHiyHiN XiMmii
(byHKILIOHATTBHUX MaTepiajiB sl MOJIEKYJISIPHOI €JIEKTPOHIKH.
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[lin wac yucneHHUMX HaykoBUX cTaxyBaHb y IlIBemii (B VuiBepcuteti JliHUemiHry u y
KoposniBcbkomy TexHosorivHomMy iHCTUTYTI CTokronsMmy) Banmentuna OnekcanapiBHa MpOBOJMIIA
JOCIIJKCHHSI OPraHIYHUX HAIiBIPOBIIHUKIB, JOTIOBaHUX KOMILIeKcamu LIMHKY Ta TpHUBaJIeHTHOTO
Ipupairo, siKi BUKOPHCTOBYIOTHCSI B OpPraHIYHUX CBITIOBHIIPOMiHIOIOUHX Aioaax. L{i pobotu mocTiitHO
1 IIMPOKO ITUTYIOTHCS B CBITOBIN JIiTEpATypi.

Banentuna OnekcannpiBHa € aBTopoM 144 HaykoBUX cTaTei, 3a)ikCOBaHMX B MIKHAPOIHHUX
O16miorpadiuanx 6azax maHux 1 Mae iHAekc Xipma h=18 3a manumwu 6a3u Ckomyc (Bcboro 927
uTyBanb). 3a nanumu ['yrin Cronap mae h=22 (1293 nuryBans). bibaiomerpuka ykpaiHChKOT HAYKH
nomictuna Banentuny OnekcannpiBHy MiHaeBy Ha 15 wmiciie cepen Bcix yueHux Akazaemii Hayk i
yriBepcuteriB MOH Vkpainu 3 ranysi nanotexnonorii. Ii po6otu mo IU crekrpam cTepoimHux
TOPMOHIB 1 T€TEPO-IIUPKYJICHIB 3aJIHIIAIOTHCSI OCHOBHHUMHU CBITOBUMH JIOCSTHEHHSIMH B IIHX TaTy3sIX.

IOBinspKa 3aBXaM BUMOIJIMBA 10 ceOc i 10 cTyaeHTiB. IIpu ToMy 3k 100po3udinBa, 0arato
J0MoMarae MoJIOJIUM BUKJIaia4aM. 3a ii MeTOJJUYHUMH pO3pOOKaMH HaBYAJIOCs HE OJTHE TIOKOJIIHHS
YUHUTeINlB, JUIIIOMHUKIB i acmipanTis. Ii yuni Huni npamoots B yHiBepcuterax CIIA, Ilsenii Ta
Itami. Penakmis BicHMKa UepkachbKoro yHIBEpCHUTETY: cepis (Di3MKO-MaTeMaTH4HI HAyKH BITa€
Banentuny OnekcannpiBny MiHaeBy 31 CIIaBHUM IOBUICEM 1 Oaxkae i HOBUX TBOPUYUX 3I00YTKIB.
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TO 75 YEARS FROM THE BIRTHDAY AND
55 YEARS OF SCIENTIFIC ACTIVITIES

Summary. The article covers the main periods of life, scientific and pedagogical activity of the
candidate of chemical sciences, associate professor Valentina Olexandrivna Minaeva. The article
reflects the significant achievements of the scientist in the field of spectroscopy. The materials of the
article acquaint the reader with the directions of scientific interests of the scientist, which include
analytical chemistry, research of UV and IR spectra of radiation.

The works of Associate Professor V. O. Minaeva are well known in the world, published in
leading international scientific journals and are widely cited in the world scientific literature. To
date, according to the world agency "Scopus"” Minaeva V. O. has a Hirsch rating h = 22.

Valentyna Oleksandrivna has devoted more than thirty years of her scientific and pedagogical
activity to the training of highly qualified physico-chemists and chemists-analysts working in schools,
scientific and research-production laboratories of Cherkasy region, as well as throughout Ukraine
and far beyond. Associate Professor Minaeva made a significant contribution to the establishment of
the Cherkasy School of Chemical Physics and Spectroscopy, as evidenced by her scientific
publications - almost half a hundred articles in registered journals, 3 monographs, 15 textbooks and
about a thousand citations on Scopus. The main achievements are the analysis of visible and
ultraviolet (UV) spectra of complexes of iridium, ruthenium, rhodanides, xanthenes and a huge class
of [8]circulenes. V. O. Minaeva based her quantum calculations on the theory of density functional
(TFG) for the force fields of steroid hormones and their IR spectra became the hallmark of ChNU in
the use of vibrational spectroscopy in the analysis of the connection of hormones with receptors. The
introduction of terahertz techniques for measuring the low-frequency spectra of steroid hormones
and Raman scattering in conjunction with scientists from other countries is an important new step in
this regard.

Keywords: analytical chemistry, spectroscopy, electrochemistry, self-consistent field method,
configuration interaction method.
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BUKOPUCTAHHS KOHIENIII BAJICTUYHUX CTPUBKIB ITPU
BHPOIIIYBAHHI HEPIBHOBAYKHUX AHI30TPOIIHAX CTPYKTYP TA
THTEHCUBHIH IVIACTUYHIA JE®OPMAIIII

Poszensoaemocs 3acmocysanns ioei Mapmena npo banricmuyni enemenmapmi noodii (cmpuobxu
8CePeOUHi KPUCMANY YU GUPUBAHHS AMOMIG i3 KDUCMATLY) 00 pO3nady, 00 0OMeHCeHOI pO3UUHHOCTI
i 00 8UPOWYBAHHS CUNLHO AHI30MPONHUX CIPYKMYP Y CUNbHO HEPIBHOBAINCHUX CUCeMax nio 0i€io
IHMEHCUBHUX 306HIWHIX (akmopis. 30Kpema, OMpUMana 3aMKHYmMa CUCmemMa PieHsAHb OJisl ONUCY
egontoYii ancamois AHI30MPONHUX HAHOCMPYKMYP MURy napaneieninedis npu pizHiti 30amHocmi 00
epo3ii pi3HUX epanell.

Ki1ro40Bi cjioBa: HepiBHOBa)KHI CUCTEMH, BIIKPHUTI CUCTEMH, (Pa30Bi MepeTBOPEHHS, KIHETHKA,
KpHUCTai3allis, aHi30TpoItist, 0amicTU4IHI CTpuOKH, ePeKTUBHA TeMIepaTypa

1. Beryn

Konnenuiss Oamictuunux crpudki (ballistic jumps) pa3om i3 KOHLEMLIE «KEPOBAHUX
cuctem» (driven systems) Oyna Bmepie 3amporiOHOBaHA BiAOMHM (paHIly3bKUM (Di3UKOM-
Mmatepiano3HasieM JKopxem MapTeHOM Ta HOTo CHiBpOOITHUKAMHU JJIs1 TEOPETUYHOTO OIUCY BILJIUBY
ONIPOMiHIOBaHHS Ha qudy3ito Ta (a30Bi MepeTBOPEHHS y cIijiaBax (y Nepiry 4epry, CTIHKax SAepHUX
PEaKTOpIiB Ta MPOEKTAX IMEPIIOl CTIHKK TepMosiaepHoro peaktopa) [1-4]. IapanenbHo aHanoTivHI
miaxoau po3poossuiuck B. Bakcowm [5]. 3romom koHmeniist 6amicTHYHUX CTPUOKIB 1 TTOB’sI3aHA 3 HEIO
KOHIIeTLisl e(eKTUBHOI TeMIlepaTypH OyiIM 3aCTOCOBaH1 JUIs ONUCY (pa30BHUX MEPETBOPEHD Y CIIJIaBax
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[IpH TIEPEMEITIOBAaHHI Ta NIPU IHTEHCUBHIH miactuuHii gedopmartii [6-8]. OcHoBHa imes monsrae B
TOMY, III0 30BHIIIHI BIUIMBU HAa CHCTEMY NPHUMYIIYIOTh aTOMH 3AIHCHUTH CTPHOKHU 1 OOMIHSATHCH
MICISIMH B BY3JIaX KPHCTQJIIYHOI I'paTKu (HAWOMMKUMX, a MOXKe M janekux). Yacrora Takux
«OanmcTHUHUX» CTPUOKIB (K aHTHUTE3a J0 «TEPMIYHHUX» CTPUOKIB, MOB’S3aHUX 13 TEIJIOBUMHU
GbayKTyamissMd TpH JaHIA TeMmmeparypi) HE 3aJeKUTh BiJI TEMIEPAaTypH, a 3aJeKHTh BiJ
IHTEeHCUBHOCTI 30BHIIIHBOI Aii (CKaXXiMO, BiJ] TYCTUHU MOTOKY OIPOMIHIOBAHHS 1 €HEPTii YaCTHHOK).
[Ile B cBoili mepmriit podoTi 1984 poky XK. MapreH nokaszas, 1110 HasSBHICTh 0aTiCTUYHUX CTPUOKIB
3MiHIO€ ()a30BY Jiarpamy CIUIaBiB — HAPUKJIIAJL, 30UIbIIY€E B3a€MHY PO3UMHHICTh KOMIIOHEHTIB, 1 110
1e MOXHA (pOPMAIBLHO ONMUCATH BBEACHHAM eexrnBHOI Temmeparypu, T =T -(1+A), e BigHOCHa

BEJIMYMHA 3CYBY TEMIIEpaTypH BH3HAYANACh BIJHOMICHHSM YacTOT OaJiCTUYHUX CTPHUOKIB JI0O
TepMIYHUX (TOYHIIIE, BIAHOMIEHHAM OaJIiCTHYHOTO KoediieHTa nudy3ii 10 Tepmiunoro). [ToscHumo
ITIO 1/1€10 Ha HAHIPOCTINIOMY MPUKJIIAIl TBEPAUX PO3UHHIB i3 JOAATHOIO EHEPTi€r0 3MimryBaHHs. Taki
CIUIaBM MAalOTh KYIOJ pPO3Majy Ha Jiarpami TemIeparypa-KOHIICHTpaIlis, SKHA € TOABIHHUM:
30BHIIIHIN KyTTOJI — O1HOAAIb, 032 SKUM CIIaBU € a0COTIOTHO CTAaOUILHUMHU, 1 BHYTPIIIHIN KYITOT —
CIiHOAJIb, BCEPEIMHI SIKOTO TBEPi PO3YMHH € HABIAKH, aOCOIIOTHO HecTaOmbHUMU. CriHOIAMb 13
TEPMOJUHAMIYHOI TOYKMA 30pY BHU3HAYAETHCA HYJEM JPYyroi MOXiAHOT TEPMOJUHAMIYHOTO
noteHuiany ['i60ca Mo KoHLEHTpallii, a 3 KIHETUYHOI — HyJIeM KoedilieHTa B3aeMHOI AUQY3ii: mij
CIiHOAAILTIO KoedilieHT B3aeMHOI udy3ii € Bix eMHUM (TIpU 1IboMY KoedinieHTH nudy3ii MideHHX
aTOMIB, 3BHYAlHO, 3aJIMIIAIOTHCS JOJATHUMHM), IO O3HAYA€ BUCXIAHY Ou(y3ito, ska 30UIblIye
aMIUTITYly KOHIIEHTPAMIMHUX (QIIYKTyalliid, 3aMICTh iX pO3CMOKTYBaHHS. BKIIFOUEHHS 30BHIIIHHOTO
daktopy y BuUMIsLAl OamiCTUYHHUX CTPUOKIB BHUIIQJKOBOTO HANPSIMY IEPETBOPIOE KIHETHUHUIN
KpUTEpiil criHOMAII HAa HACTYHMHHMHA (ISl CIIPOIIEHHS TYT HEXTYEMO HEJIOKAIBHOIO B3AEMOJIEIO 1
BIJIMOBITHOIO TPAAIEHTHOIO eHeprieto 3 Teopii Kana-Ximapaa):

(X,D; +X,D )Xk;( ngz Dol _ 0 X+ X, =1 )

(X ,, X3 )- aTOMHI YaCTK{ KOMIIOHEHTIB CILIaBY, g — TepMOANHAMIYHIIA noTeHmian ['i60ca Ha aToMm,

D,, D, - xoediuientn audysii MiueHHX aTOMIB y TBEpIOMY PO3unHi. B pamMkax Mozeli peryisspHux
2

PO34MHIB TEPMOJIMHAMIYHUIA MHOXKHUK %aax—gz BHUPAXKAETHCS YEPE3 EHEPTit0 3MIITyBaHHS:
B
X\ X5 o°g 2ZE
KT axz_l_(l_xB)XBT (2)
Toni 3 piBusHE (1, 2) chninye:
ZZE ) ) ZZE Dballistic
mix X mIX X 1+ — - O’
a (Xe) =T D ®)
e D' =X AD; + XBD; - KOMO1HaIis KOe(IIIEHTIB MIYEHHUX aTOMIB.
Dballistic

SIkio HAOHMMKEHO BBAXKaTU BIIHOILIECHHS T HE3aJIeKHUM BiJl CKJIaay, TO PIBHSHHS

CMIHOAAJI Y pO3UMHi NpUiiMae BUTIIAA

ballistic
1+ |1- ZZkI-Er 1+ D ~
( XB )R ) — mix . (4)
’ 2
A BEPUIMHA KYIIOJTY (KpI/ITI/I‘-IHa TeEMIIEpaTypa oI BiIIKpI/ITOI CI/ICTGMI/I) BHU3HAYA€THCSA YMOBOIO
ZZE ' ballistic ZZE k -I-Cr Dballistic — O

mix _ |14 D _ :>Tc (Dba”IStIC) T;Xu'/f — ( a— ) (5)

kT D r D allistic D allistic

4= L+

D D
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[HImMMEM croBamMu, peajbHAa KPUTHYHA TEMIEpaTypa MPU HASBHOCTI OaliCTUYHUX €(EKTiB

BiJNOBia€ e(EKTUBHIN KpUTHUHII TemnepaTypi 6e3 11X eeKTiB:
Dballistic
TC?'f :TCI' 1+ * (6)
D

3ranani i1ei Oy 3ampoBaHKEHI IS CHCTEM ITiJ] OIPOMIHIOBAHHSM, aJie Mi3Hille 3aCTOCOBaH1
JI0 MaTepialiB, AKi neperupanuck y mumHax (ball milling), no iHTeHCHMBHOI MIacTU4HOI nedopmartii
[6-10], 3BuuaiiHO, 3 ypaxyBaHHSAM HOJAPIOHCHHS 3epeH. Y JaHid poOOTI MU PO3MIILIAEMO
3aCTOCYBaHHs i7ieid MapTeHa 10 1BOX SIBHUIIL:

(1) yrBOpeHHS, picT Ta KOAJECIEHIIIsI HAHOBOJIOKOH Ta HAHOIOSICIB OKCH/IIB METAJIIB Y BOJTHHX
pO34YMHAX MiJ1 JI1€10 IHTCHCHBHOTO TIEPEMIIITyBaHHS,

(2) yrBOpeHH: mpoMiKHHX (a3 MeTaliB y KOHTAKTHIN 30Hi IIPU IMITYJIbCHIH Ji.

2. YTBOpeHHS BHIOBKE€HHX HAHOCTPYKTYP OKCH/IIB MepeMilllyBaHHAM PO34YHHY

BuporyBaHHs HAHOCTPYKTYp 3 KOHTPOJBOBAaHOK (OPMOIO i po3MipaMH € TpPeAMETOM
IHTEHCUBHUX JOCIIPKCHb Yepe3 1X MUPOKE 3aCTOCYBAHHS B JIITIH-IOHHUX aKyMYJIATOPax, CCHCOpax
ta iH. [11-13]. 3okpema, TigpOoTEpMalbHHIA MiAXiA IS HEPEMIllyBaHHS BOJHOTO PO3YHHY
3aCTOCOBYETHCS JIUISI KOHTPOJILOBAHOTO BHPOOHHUIITBA HAHOIOACIB TIEHTAaOKCHAy BaHamito V205 ta
HAHOBOJIOKOH okcuay Tutany TiO2 [14, 15]. Bokpema, cranmaptHuii mopomok V205 i3 po3mipamu
MOPOILIMHOK y KiJIbKa MiKPOHIB PO3YMHSETHCS B BOJHOMY PO3UUHI COJIi 1 3 9ACOM NEPETBOPIOETHCS Y
HaHomosicu V205 NOBKHHOI 0 JEKITBKOX NECATKIB MIKPOMETPIB, IMIMPUHOK y KiIbKa JECITKIB
HAHOMETPIB 1 TOBIIMHOIO JIUIIE TOPSIIKY 5 HM

/!

—— 100 nm
Puc.1. Tunosi HaHONOSICH NIEHTAOKCHUYy BaHa 1110 (HAHOMOsACH OTpUMaHi JleHucom
Konowmiiitiem, 3niMku 3pobaeHi 1 106’300 Hanaui S. JI. Kopoaewm)
Fig. 1. Typical vanadium pentoxide nanobands (nanobands received by Denis Kolomiyets, photos
taken Ja.D. Korol)

VY crartax [16, 17] Mu 3anpononyBanu nepiui GeHOMEHOIOTIYHI MOJIeNI POCTY BHIOBKEHHX
CTPYKTYp NpPH IHTEHCUBHOMY IEpEMIIIYBaHHI MOPOIIKY OKCHJy B BOJHOMY PO34MHI. |[HTEHCHBHE
nepeMillyBaHHsl, B MEPIIY Yepry, YACTKOBO PO3UMHSE MOPOUIKH, «OaTiCTUUHO» BUPHBAIOUU aTOMHU
(npu 1bOMY IMOBIPHICTh BUPHBAHHS 3 PI3HUX T'paHel pi3Ha, B CHIIy aHi130Tpomii okcuaiB. CTBOpeHe
MEPEeCUYEHHs MPHU3BOIUTH O aHI30TPOITHOI'O POCTY OKCHJIB y pe3yibTaTi mepekpucramizaiii. ¥
crarti [16] mMu BuBenM HaOMMXKEHI KIHETUYHI PIBHSHHS JUISI HAHOMOSCIB 3 YpaxyBaHHSIM
«OanmicTUYHUX» BKJI/IB 1 MPOAHAII3yBAJIM JIUILIE HAUIIPOCTIII BUMIAAKH PO3B’SA3KY LIUX PIBHSIHb. Y
ctarti [17] Mu mpoBenu OUIbII CTPOTUH aHai3, alie JIMIIE JJIsl HAHOBOJIOKOH Y BUIJISII IMITIHIPIB
(cTepkHIB) 3 IBOMa PI3HUMH PO3MipaMHu — JOBXKUHOIO 1 JiaMeTpoM. TyT MU PO3IIITHEMO €BOJIOLIIO
B 4aci (BiA 3apoJDKEHHS 10 KoajJecleHLIi B yMOBaxX IHTEHCHUBHOTO IMEpeMIlIyBaHHs) aHcamOs
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mapaernerninesis 3 pisaumu croponamu {a (t),b (t),c (t);i=12,..N (t)} [Tpu upoMy Ha cTail
3apOPKCHHS KUIBKICTh «y4YacHHKIB» aHcamOmo N (t) pocre, a Ha cTajli KoaJeCHeHIl —

SMCHIIYETHCA. BI/IBC,I[GHHH OCHOBHHX piBHHHB IMOYHUHAETECA 3 CIICMCHTApPHUX piBHf[HB 6aJ'IaHCY

cryst
H

I'YCTUH TOTOKIB J J" 'y nBoX cymikHEX (azax Ha pyxomomy MikdasHoOMy iHTepdeiici Mix

KPUCTAJIOM 1 PIJIKMM PO3YHHOM:

J cryst J lig
Vel ™

ncryst _ r]I|q
Tyr n, n" - pe koHueHTparii MOHOMEpIiB (ATOMIB 4M IHIIMX CTPYKTYPHHX OJMHHIb
KpHUCTalTy) B KPHCTali 1 B PIAKOMY pO34WHi, TOOTO KiJIBKICTh Ha OAMHUINO 00 emy. Jlami vacrime

lig /ncryst

OyZIeMO BUKOPHUCTOBYBATH BIIHOCHY O€3pO3MIpHY KOHIIEHTpaIito X =N . IIpu 1mpomy,

t . . . . .
ouesnano, J° =0 (moroku BcepeauHi kpucTaniuHoi a3y Ha 6araTo MOpPAAKIB MEHILE HOTOKIB y
pinkiit ¢aszi). Jlam, BUKOPUCTOBYIOUH 3arajibHi MOJIOKCHHS HEPIBHOBAKHOT TEPMOJIWHAMIKH (SIKi
Oymu po3mmdpoBaHi B aroMicTHUHIM Moxaeni [16]), MoxHa NPUNTH [0 HACTYITHHX
(eHOMEHOIOTTYHUX PIBHAHD JUISI IIBUIKOCTI POCTY/3MEHIIICHHSI CTOPIH Mapajenernineaa;

d

o =2 (W) -2y,

Dot (w20, ®)
3‘: 2L, (4" - ) -2U,.

Tyr L, — ue xinernunuii koediuient OHcarepa [UIs IBUIKOCTI PO3POCTAHHS YU POZYMHEHHS

B3JIOBXK KpHUCTanorpadiqHoro HampsMy < a >, HepHeHAUKYIspHOro rpaHsMm DC. 3a BiacyTHOCTI
nepeminryBaHas 1e OyB OM KOe(iIi€HT MPONOPLIHHOCTI MK MIBHIKICTIO PyXy oaHie'l' 3 JIBOX

NPOTHISKHUX rpaHeil DC mapanenernine/a i IEpeCHUYCHHSIM 110 XIMIYHOMY HOTEHIIiaTy ( Y7, ygcry“)

d(zt/Z):L (‘ul

cryst

HaJl L[I€10 TPaHHIO: — My

). OpHak B yMOBax iHTEHCUBHOTO ME€PEMILITYBaHHS, 10

TepMi‘lHOI‘O BKJIaAly B IIOTOKH i I_I_IBI/II[KOCTi, J0Ja€ThCA OajicTUYHA CKJIaaoBa Uaa sJKa O3Haydae

MIBUKICTh €po3il rpaHi DC B310BXK HampsMy < a> BHACHIIIOK IHTCHCHBHOTO IMEPEMIIlyBaHHS.
Ximiyauii moTeHmian rpani DC Bu3HadaeThcs yepe3 3MiHy moreHuiany ['i600ca mpu nomaBaHHI
MOHOMEpIB Ha L0 IPaHb 13 ypaxyBaHHAM 3MiHHM 1iom] (1 BIAMOBIAHUX OBEPXHEBUX €HEpriil) 1BOX
NPOTHICKHUX TpaHed ab 1 1BOX MpOTHIeKHUX TpaHel Ca :

bcda
st =+ 2y bda+ 2y_cda
cryst _ oG _ Houk Q Vab Vea _ lucryst ZyabQ Zj/caQ (ga)
bc 8N dea bulk c b '
(@)
AHAaJI0r4yHo
2v. Q 2y .Q
pet = g S ST (9b)
a C
Crys Crys 2 caQ 2 CQ
:uak;yt /ubui,kt + }/b }/; (90)

V umx pIBHSHHAX g - 1€ XIMiYHMH TIOTEHmiad yIs HeoOMeXeHOro ((aKTHIHO,
MaKpOCKOIIYHOT0, «00’€eMHOT0») Kpucrany. [lepecuueHHSIM MO XiMiYHOMY MOTEHIIAy Ha3UBaEMO

Ap = " — . TIpu HEBENMKKMX MEPECHUYEHHX HAOMMKEHO OTPUMYEMO:
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: X Xy +AX AX AX
Apr= " — g =KT In—=KT In—=——=KT In| 1+ — |~ kT — (10)
Xeq Xeq Xeq Xeq .
Amnani3 3ama4i mo3a JiHIHHUM HaOMVOKCHHSIM ISl TIepecuueHHs 1Mo KoHnentpaii (10) Oyne

3po0IICHO B OKpeMiii poboTi. Hukue Mu 03Ha4a€EMO 1e HEPECHUCHHST AX = X — X, TIPOCTO 5K A.

[TincraBnsroun piBHsHHA (9, 10) y piBHSAHHSA (8), OTpUMYEMO:

da_ 2LKT A_erqQ Yao | Yea XU,
dt x, kT Lc b)) kTL )
do _2LKT () 2% T ) X Uy (11)
dt  x, kT La ¢ ) kTL )
do_2LKT(, 2% (Ve Zoe ) XaUe |,
dt X, KT \b a ) KT L
Jlasi 3pygHO TiepeiTr 10 6€3p0o3MipHUX MapaMeTpiB, 0€3po3MipHUX PO3MIpIB i 6€3p0O3MipHOTO Yacy:
3
2 VoY ca? a ' Q otal otal 3
ﬂ'o:xeq (b ka) ,Vtt|zvtt|/(/10)’
r.atherm — 7/bc — ’rbtherm — 7/ca —, rctherm — 7/ab —,
(7bc7/ca7ab) (}/bcycayab) (7bcyca7ab)
r.kinet = La kinet = Lb rkinet = Lc
a (LaLch )1/3 b (LaLb LC )1/3 c (LaLbLC )1/3
U U U
r.abal = a ’rbal = b , r.Cbal = c , 12
(U anUc)l/S b (UanUC)US (UanUC)ZL/S ( )
J _ Xeq (UaU bUc )1/3
CkT(LLL)"
r=(LLL ) E A= gD cC
}”0 eq /10 /10 2’0

[Tpu 11bOMy KiHETHYHI PIBHSHHS IPUBOAATHCS /10 HACTYITHOTO BUTIISAAY:

therm therm bal
dA kinet [A _ r-c _ r-b ra J j,

C B r kinet

a

I
dr °

therm therm bal
d_B _ r.kinet A— ra _ r-c _ r-b J
~ b kinet !
dr A C

therm therm bal
d_C_ rkinet[A_ r-a _ rb rc j

(13)

A B rkinet J

c

JletanbHui aHami3 CcTail 3apOXKEHHS 3 BUKOPUCTaHHIM piBHAHD (13) i apeiidoBux uieHiB
y piBHsiHHI Dokkepa-Ilnanka B mpoctopi po3MipiB Oyae mpoBeaeHO B okpemiit poOoTi. Tyt mu
MIPOBEAEMO JIMINE aHai3 cTajii KoaJecUeHIi 1 MOoKaXeMo, L0 3aJIe)KHO BijJ MapaMeTpiB, iCHYe
MOXJIMBICTh BUPOIIYBAaHHS SIK HAHOIIOSCIB, TaK 1 HAaHOIUTACTHH. [Ipu MoemoBaHH1 KOATIECIICHITIT MU
po3B’sa3yemMo cucreMy 3 3N piBHSHb A aHCaMOJII0 YaCTMHOK 3 ypaxXyBaHHS MOKJIMBOCTI iX
3HMKHEHHsS (KOJM MpUHAMMHI OAMH 13 pO3MIpIB cTae MeHIle abo piBHUM HYIIO) 1, 3BHYaiiHO,
BpPaxoBYBaTH YMOBY 30€peKEHHs peUYOBUHU:
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th th bal
dA B rkinEt A _ rc erm B rb erm _ raa J
T a kinet ¥ |’
dr C. B r

therm therm bal
T A C (14)
therm therm bal
e L L N
dr A B
N(t) _ N(t) NO _ NO
N> abc +n" V=Y abc [=n"" ahc, + Ny (V -y aiobiocioj =const =
) =) ) )
N(t) _ N
:>6ﬂm—§:qqude=—(W“V—N“) (ajbdc, +b,c,da, +hc,da;)
i1 i1
1 N 1N
(1_X)Vtot (abdc; +bcda +hcda) (1- X)\7tot Z(AiBidCi +B,C,dA +BC,dA)
_ i1 _ =
= x=- 1 - D, !
(1_\/tm;aibiciJ [l_\’/”tot;ABiCi]
(15)

5 3 . o o . . o .
ne Ve =v*™ /(ﬂo) — 0e3po3MipHHii MOBHUM 00’ €M PiIMHU pa3oM i3 mopomKoM. JleTanbHuii aHami3

3anadi (14-15) npu 10BiTbHUX MapaMeTpax Oy/e MPOBEACHUN B OKpeMiil poOoTi.
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50 1 50 4 2000 ]
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Puc. 2. 3ane:xHOCTI cepeiHiX po3MipiB Bij 4acy (a) 1 Jiorapu¢MmiB cepeHIX po3MipiB Bif
norapudmy vacy (b) mpu mapamerpax
_ therm __ ,.therm __ _therm __ kinet __ .kinet __ ,.kinet __ bal __ bal _ ,bal __
J=0045r,"" =" =, =L, = =1 =417 =025 Y =r" =2
[Toxa3HMKM CTENEHIB POCTY CEPEIHIX PO3MIPIB ACHMITOTUYHO BUXOATh HA 3HAUYEHHS:

_dIn<A>~ _dm<B>_

~1n, = —n. ~0.45
A dinz 8 dinz ¢
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Fig. 2. Dependencies of average sizes on time (a) and dependence of logarithms of average
sizes on logarithm of time (b) at:

J — 0045’ r.;herm — r.btherm — r.ctherm :11 rakinet — r.bkinet — rckinet :11 rabell — 025’ r.bbal — rbal — 2

C

Indicators of growth rates of medium size asymptotically come to the value
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Puc.3. 3anexHoCTi cepeqHix po3MipiB Bijx 4acy (a) i jorapudmiB cepeaHix po3mipiB Bif
norapudmy gacy (b) npu mapameTpax
J= 0065, r;herm — rbtherm — rtherm =:L rakmet — rbklnet — rcklnet =1, rabal — 025, rbbal — rcbal =2

c
[Toka3HUKH CTCIICHIB pocrty cepe,uHiX pOBMipiB ACUMIITOTUYHO BUXOJATH HAa 3HAYCHHA:

:dln<A>z 1 B:d|n<B>:nCzO.44
dint dint

A

Fig. 3. Dependencies of average sizes on time (a) and dependence of logarithms of average
sizes on logarithm of time (b) at:

J — 0065, rE:herm — rbtherm — rCtherm :11 r.akinet — rbkinet — rCkinet :l; rabal — 0251 rbbal — rcbal — 2

Indicators of growth rates of medium size asymptotically come to the value

dinz dinz

A

[Toxu 110 TPUBOAKUMO JIMILE PE3yIbTaTH YUCEIbHUX PO3PAXYHKIB JJIS BUPOJKEHOTO BUIIAJIKY,
KOJIM 3/IaTHICTH J10 «OalliCTUYHOI» epo3ii (1111 BIUIMBOM 1IHTEHCUBHOTO NepemMimryBaHHs) rpaneit C-A
(mepnenaukynsipaux 10 pedep B) i A-B (mepnenaukynspaux 1o pedep C) onHakoBa i OiIbIa, HixK
31aTHICTH 10 eposii rpaneid B-C (mepneHaukymnspHux ao pedep A). Sk BUAHO 3 pPUCYHKIB 2-4,
pe3yIbTaTH YUCETbHUX EKCIIEPUMEHTIB Y3TO/IKYIOThCS 3 aHATITHYHUME pe3ylIbTaTaMH aHATITHYHUX
OIIHOK JUTsl aHCaMOJISI IMUTIHAPIB Y Hamii momepeaiit po6oti [17], ski mependadaroTh JiHIMHE
3pOCTaHHs CepelHbOI JOBXKMHHU 3 4acoM, 1 MapaOoSiYHUNA 3aKOH POCTY CEpeAHIX MOoIMepeaHiX
pO3MipiB.
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Puc. 4. 3ane:xHOCTI cepeiHiX po3MipiB Bij 4acy (a) 1 torapudmiB cepeHiX po3MipiB Bif
norapudmy gacy (b) nmpu mapameTpax
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Fig. 4. Dependencies of average sizes on time (a) and dependence of logarithms of average
sizes on logarithm of time (b) at:

J — 0025’ ratherm — r.btherm — rctherm :11 r.akinet — rbkinet — rCkinet :11 r.;al — O 251 rbbal — r.Cbal — 2

Indicators of growth rates of medium size asymptotically come to the value
In<A In<B
_AIN<A> qn, cdIN<B>_ . 044

T Tdne T dine
3. 3acrocyBannsi minxoxy Maprena a0 ¢a3oyTBopeHHs NpH iMnyJabcHiii aii Ha
audysiiiHi napu
Y mukni  exkcnepuMeHTanbHUX poOiT JlaGopaTopii HeCTalioHApHOIO MAacOoNEpEeHECEHHs
IHcTUTYTY MeTanodi3uku BHMBUAJACh HE JIMIIE BJIACHE MEPEHECEHHs 130TONIB B MeTajlax MpHU
iMnynbcHIM aii [18], ane i yTBopeHHsI MeTacTabUIbHUX TBEPAMX PO3UMHIB 1 HABITh MPOMIKHUX (a3
y nudy3iiiHUX Tapax IpH iIHTEHCUBHIM macTu4Hii nedopmarii [19-22].
[IpoimocTpyemMo 3acTocyBaHHS ieii MapTeHa Ha NPOCTOMY MPUKIAIl PIBHSAHb PIBHOCTI
MOTOKiB KOMIOHEHTIB A 1 B Mixk dasamu «, f 3 ypaxyBanusam GanicTuuHux momii. J{ms imroctparrii

BUOEpEMO HAMMpPOCTIINK Yy MaTeMaTHYHOMY IJIaHI BUIAJOK OOMIHHOIO MeXaHi3My, MpU SKOMY
MOTIK KOMITIOHEHTA 13 O/IHI€T a3y B CyCiAHIO yepe3 MiK(a3Hy MexXy MPONOpLIMHUNA KOHIIEHTpaIil
IOTO KOMIIOHEHTa B MLii (a3i 1 ckiajgaeTbes 3 TEPMOAKTHBOBAHOTO BKJIAJY (32 3aKOHOM THUILY
Apeniyca) 1 0aTiCTUYHOTO, MPOTOPIIMHOTO IHTEHCUBHOCT1 30BHINTHBOT ii:

ESaddIe _ Ea ESaddIe _EB
Xan“ve, exp[—%}t Xy = XInfvi) exp[— A o A j+ X ZnfyH!
Saddle  EFa Saddle =4
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Tyr EZ,EZ,E*" - eneprii atroma copTy A BianoBinHo 1o anbda-6ik Bia MixdasHoi Mexi, 1Mo
Oera-0ik BiJ HEl 1 B CIIUIOBIN TOYIll MpU TIOI0JIaHH] Mibk(azHoro 6ap’epy (s copty B anamoriuHo),
XZXf,(l— XZ’),(l— X,f) - yacTKH aToMiB copTiB A i By dasax «,f, n%, n” - mosui KOHIICHTpAIIii
aToMiB y (ha3ax (Ha OJMHHUIIO 00 EMY). V5, Va Ve, VE, 4acTOTH KonMBaHb y By31aX (4acTOTH CIIPo6

crpuokiB). Cucrema aBoX piBHsHDb (15) BinHOCHO 1BOX HeBimomux X ¢, X% mae aHaniTnduuii, ane

JIEII0 TPOMI3IKUI BUTIIA. J[71s1 UTFoCTpalii po3riIiTHEMO 3HaYHO CIPOIICHU CHMETPUIHHUI BUIIAI0K:

E¢=Ef, ES=E/,E/-Ef=Ef-E/=AE>0, E}*"-Ef =E*" -E/ =Q>0, an

a _ A f a _ B _a _ B _
N"=N", Vpyg =Vpo =Vgo =Vpgo = Vp-

Toni 1Bi HEB1IOMI 3BOAATHCS 110 OJHIET: X = X = Xf, Xa = Xg =1-X.

£6lef ree \/
804
£c
600 moL '
@Z
-] 400 2 —
480 5
280 &_ 200 -
] D \__A_Lil 11
bu 10 280 780 80 97 [Fe La 10 20770 B8 90 Mo

a 0
Puc. 5. Kpusi po3unHHOCTI B TIapax: (a) Miap-3a1i30 mpu mBuakocTax aedopmarii 0,5 ¢ ta
200 ¢t (6) minp-momni6aen mpu 150 ¢t
Fig.5. Vapor solubility curves: (a) copper-iron at strain rates 0,5 s and 200 s, (b) copper-
molybdenum at 150 s

IIpu npomy
1+J
~ 1+exp(AE/KT)+2J"

Vbal
J . (18)
vy exp(—Q/KT)
OTXe, pO3UMHHICTh CTAa€ YUCTO TEPMOJINHAMIYHOIO, KOJIU 3aHYJISA€THCS MapaMeTp 30BHIIIHBOT
aii, 1 npsimye a0 makcumymy (1/2) mpu J — 0.

4. BHCHOBKH

[IpuBeneni mpukiaaud 3acTOCyBaHHs ied MapreHa mpo OayliCTHYHI eJeMeHTapHi moaii y
BIIKPUTHX CHCTEMAax 3aJMINAETHCS TUTITHOK. 30KpeMa, BOHA MOXKE MOSICHUTH aHOMAaJIbHO BHUCOKY
aHI30TPOII0 HAHOCTPYKTYP Y CHIIBHO HEPIBHOBAKHUX BIIKPUTHUX cucTeMax. HeoOXiHO neTanbHile
MpoaHali3yBaTH CTajii 3apOJKEHHS 1 KoaleClUEeHLIi aHI30TPOIMHUX CTPYKTYpP Y IIUPOKHUX 001acTAX
BBEJICHUX BHIIE O€3p0o3MipHHUX mapaMeTpiB. [lepcneKTUBHUM BHIA€THCS TAKOXK 3aCTOCYBAHHS
nigxoay MapTeHa /10 eBOJIIOLIT 3epeHHUX CTPYKTYp IIPH IHTEHCUBHIN TUIaCTUYHIN nedopmartii.

11
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APPLICATION OF BALLISTIC JUMPS CONCEPT TO FORMATION OF NON-
EQUILIBRIUM ANISOTROPIC STRUCTURES AND TO SEVERE PLASTIC
DEFORMATION

Summary. The application of Martin's ideas about ballistic elementary events (jumping inside
a crystal or atoms detachment from a crystal) to decomposition, to limited solubility, as well as to the
growth of strongly anisotropic structures in strongly nonequilibrium systems under the influence of
intense external factors is considered. The essence of these ideas is that external influences on the
system force atoms to make jumps and exchange places in the sites of the crystal lattice. The frequency
of such "ballistic" jumps (as the antithesis to "thermal” jumps that are associated with thermal
fluctuations at a given temperature) doesn't depend on temperature, but depends on the intensity of
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external action (say, the radiation flux density and energy of particles). These ideas had been first
introduced for irradiated systems, but later applied to ball milling, to severe plastic deformation, of
course, taking into account the grinding of grains. In this paper, we consider the application of
Martin's ideas to two phenomena:

(1) nucleation, growth and ripening of nanofibers and nanobands of metal oxides in aqueous
solutions under the action of intensive stirring,

(2) formation- of solid solutions and intermediate phases of metals in the contact zone by pulsed
action.

The time evolution of an ensemble of three-dimensional parallelepipeds is being considered in
the first part of the present article. For this purpose, we derived a system of differential equations for
the rate of change of each size, taking into account the balance of attachment and detachment fluxes.
Based on the solutions of these equations, the asymptotic values of the growth rates of average sizes
can be predicted. Graphs of dependences of average sizes on time for different intensities of mixing
for a symmetric case are presented.

The application of the idea of ballistic jumps to phase formation with impulse action on
diffusion pairs is being briefly considered in the second part. The influence of external action on the
solubility of components for the simplest (mathematically) case is analyzed.

Keywords: nonequilibrium systems, open systems, phase transformations, Kinetics,
crystallization, anisotropy, ballistic jumps, effective temperature.

Ooepoicano peoakyiero 21.07.2020
Iputinamo oo opyxy 18.09.2020

15



ISSN 2076-5851. Bicuux Yepkacwkoro yHiBepcurery. Bumyck Nel. 2020

ORCID: 0000-0002-0555-7516
O. Yu. Liashenko
PhD, Univ. Grenoble Alpes, CNRS, Grenoble INP, SIMAP,
38000 Grenoble, France,
dr.oleksii.liashenko@gmail.com

D. Bouvard
Professor, Univ. Grenoble Alpes, CNRS, Grenoble INP, SIMAP,
38000 Grenoble, France,
didier.bouvard@grenoble-inp.fr

R. Dendievel
Professor, Univ. Grenoble Alpes, CNRS, Grenoble INP, SIMAP,
38000 Grenoble, France,
remy.dendievel@phelma.grenoble-inp.fr

YJIK 62-405.6:62-405.8 PACS 62.20.—x, 61.43.Gt, 61.66.Dk,
61.66.Fn, 61.72.—y, 68.65.—k
DOI: 10.31651/2076-5851-2020-16-25

PROCESSING OF HYBRID STRUCTURES BY PARTIAL SINTERING
OF TI-6AL-4V POWDER INTO EBM LATTICES!

A new approach of coupling additive manufacturing and conventional sintering methods for
the fabrication of dense-porous hybrid structures with complex geometries and controlled porosity is
presented. The critical effects of the procedure used to fill host electron-beam printed dense structures
are investigated. The occurrence of flaws in the powder packing and their changes after different
sintering cycles are emphasized. It is concluded that manual filling of the printed boxes after their
complete de-powdering provides defect-poor structure with good interfaces between the dense and
porous zones.

Keywords: Additive manufacturing, controlled sintering, hybrid structures, titanium alloys,
microstructure.

1. Introduction

Fabrication of porous structures such as filters, bone implants or heat exchangers with adequate
mechanical properties and controlled porosity is a challenging domain extensively studied during the
last decade [1-3]. The final parts may need a complex architecture, with the coexistence of porous
and dense zones, the latest ensuring the mechanical strength. Due to the hybrid nature of the final
part, it is relevant to use a fabrication process mixing the recently developed additive manufacturing
techniques and the more classical methods such as controlled sintering.

Controlled sintering and space holding techniques are used for the fabrication of homogenous
porous structures [4-10] or structures with sharp gradients of porosity [11,12]. An important
advantage of these methods is their applicability for production of large parts, but the mechanical
strength of materials with high porosity can be rather low [8].

Metal additive manufacturing techniques, in which metal parts are printed by selectively
melting a powder bed with a focused beam following a sliced CAD model, have extensively been
developed during the last decade. The most common are Laser Beam Melting (LBM) and Electron
Beam Melting (EBM) techniques [13]. In number of studies [3,14-21], lattices with different

' This work has been funded by ANR within ANR-14-ASTRID-0017 project. The authors are also thankful to
Labex CEMAM for its contribution to the funding of the EBM equipment.
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geometries were fabricated and the effect of cell geometry and global porosity of printed structures
on their mechanical strength and fatigue resistance was investigated. EBM gives several advantages
while printing Ti-based alloys, as lower oxidation of final part surface and elimination of internal
residual stresses due to the vacuum level and the elevated temperatures during process, respectively
[22,23]. However, these techniques are limited by the size of the smallest controllable geometric
element (e.g., dense strut or pore), which is about 0.2 mm for LBM and 0.5 mm for EBM. A solution
that has been proposed for fabricating materials with smaller pores involves partial melting of the
powder by varying the beam intensity or the scanning speed [16,24], but the lack of process control
leading to non-homogeneously distributed porosity is reported.

Hence, the conventional sintering and additive manufacturing methods have important
limitations and cannot meet alone all the requirements for the fabrication of the aforementioned
hybrid structures. An interesting approach is to couple both techniques in order to overcome element
size restriction of additive manufacturing and mechanical strength issues of conventional sintering
techniques. In this case the lattice structure serves both as a load bearing architecture and as a hosting
structure for the porous part. Normally EBM process includes complete de-powdering stage but
recently Ikeo and Nakano [25,26] printed closed boxes with internal vertical walls and preserved the
inherited powder. The obtained hybrid structures were thermally treated in order to activate sintering
of the residual powder around the dense printed structure. Such treatment was reported to increase
the mechanical properties of the hybrid structure. Nevertheless, this approach may have some
deficiencies if the printed structures have complex geometries. Also, in this case, the sintered powder
is necessarily the powder of the AM process.

An alternative proposed in the present paper consists in filling the de-powdered lattice with a
given powder after the EBM process. It can be the same powder used for EBM or another powder of
different size, shape or chemical composition in case of suitable reactivity with the basic lattice
material. Ti-6Al-4V alloy has been chosen as it is frequently selected in various applications for its
lightness, biocompatibility, high strength, toughness and corrosion resistance [1,27-31]. In the
following we will compare two procedures for producing Ti-6Al-4V hybrid structures based on EBM-
printed lattices filled with powder: the Ikeo and Nagano procedure preserving the powder inherited
from EBM process and a novel one consisting in manual powder filling of the lattices. The resulting
microstructures and structures will be characterized by optical microscopy, scanning electron
microscopy and X-ray microtomography. The effect of the filling procedure and thermal treatment
will be investigated.

2. Experimental

The hosting structure is an open cubic box of 12 mm side with 1 mm thickness walls containing
an octet-truss unit cell [19,32] with strut diameter being around 2 + 0.1 mm (Figure 1a). This structure
has been produced by Electron Beam Melting with an Arcam AB® A1 machine. The EBM process
has been widely described in the literature, see e.g. [13]. It occurs under vacuum, typically 2x107
mbar. An important feature is that each layer undergoes a preheating stage, maintaining the building
temperature around 700°C. This preheating leads to a slight sintering of the powder, which prevents
local accumulation of negative charges and holds in place the powder. The starting powder is a Ti-
6Al-4V plasma atomized spherical powder provided by ARCAM. The particle size is in the range 45
- 110 pm, with a median size of 75 pm and a tapped relative density around 0.63. It is customary to
re-use particles that are not been melted in the EBM process. This means that the powder considered
in the following had underwent several preheating stages.

The first type of hybrid structure was obtained by de-powdering the non-melted particles all
around printed boxes and preserving them inside the boxes (Figure 1b). Such structures with powder
inherited from EBM process (and thus slightly sintered) are denoted as in-process filled (IP)
structures. The second type of hybrid structure was obtained by completely de-powdering the cubic
boxes and subsequently filling them manually with the same ARCAM Ti-6Al-4V powder used for
the EBM fabrication. Thus this powder underwent the same thermal treatment prior to the filling
operation as in the previous case. The filling procedure consisted in gradual adding of powder while
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tapping it in order to achieve compact packing of spherical particles inside the printed boxes. Such
structures are denoted as after-process filled (AP) structures.

We have thus two kinds of components with the same hosting structure, filled with the same
powder. For the first ones (IP) the powder has been slightly sintered during the EBM process, whereas
for the second ones (AP) the powder has been simply poured and tapped. These two structures will
be called as “as-received” and respectively denoted IP AR and AP AR. A subsequent heat treatment
was then performed in a metallic furnace under a controlled atmosphere. In order to limit the amount
of oxygen, the chamber was purged with pure argon and pumped until a vacuum of 1 x 1072 Pa was
attained. Two different thermal cycles were applied in order to activate sintering: one at low
temperature (LT) with holding at 900°C for one hour and the other at high temperature (HT) with
holding at 1300°C for one hour (Figure 1c). In both cases, the temperature rate during heating and
cooling was 10°C/min.

In order to get a reference material, re-used Ti-6Al-4V powder has been poured and tapped in
a cylindrical zirconia crucible (AR state) and sintered following both sintering cycles.
""""""""""""""""""""""""""""""" I _C_ Sintering under vacuum 1x10 Pa |
I 1h
I TA >
8 InT13o0c | : ,

1 I LT900°C . ___

o

\
o

Fig. 1. Experimental route of producing hybrid structures: initial EBM-printed boxes with
octet-truss lattice inside them (a), IP and AP filled structures (b) and thermal treatment profiles (c).
Puc. 1. ExcnepuMeHTanbHUI METO1 BUPOOHUIITBA T1IOPUIHUX CTPYKTYp: moyatkoBi EBM-
JAPYKOBaHi KOpOOHU 3 OKTETHOIO I'PATKO0 BeepeauHi (a), CTpyKTypH 3amoBHeHi mija yac apyky (IP) ta
nicis apyky (AP) (b) Ta mpodini ix Tepmiunoi 00poOKH (C).

The powder densification in the boxes was observed by X-ray tomography using Phoenix V
system. The voxel size was equal to 6 um, allowing 3D reconstruction of elements larger than 12 pm
with use of the ImageJ software and in-laboratory developed plugins. Such resolution is sufficient to
detect the appearance of high porosity zones (referred to as flaws in the following) with a size at least
equal to the average particle size. For particle packing and microstructure investigation the samples
were cross-sectioned, prepared by conventional metallographic methods and observed by optical
microscopy (OM) and SEM operating in backscatter mode.

The OM and SEM images were analyzed in order to calculate the fractions of observed phases,
including the relative density, pr, of the partially sintered powder in central flaw-free zones. The
relative density is defined as the volume (or area, assuming the material is isotropic) of solid phase
divided by the total volume (or area). To quantify the volume of previously reported flaws, the
following dimensionless parameter, called relative flaw volume, is defined:

Vir = (Vpt = Vpn) / Vipt (1)
where Vt is the total pore volume of the filled structure and Vpn is the volume of the porosity of the
flaw-free zone including normally packed particles. Vpt has been measured by saturating the filled
structure with ethanol and Vpn has been calculated by weighting the mass of the filling powder and
measuring the average packing density from OM cross-section images.
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3. Results and discussion

3.1. The reference material microstructure

In Figure 2 the reference material is observed by OM in the as-received state and after either
sintering cycle. This re-used powder has a spherical morphology and a similar size distribution as the
powder received from ARCAM (Figure 2a). It was kept inside the chamber at elevated temperature
around 700°C for several hours, which was sufficient for the development of acicular o +
microstructure inside it with appearance of misoriented submicronic o needles (dark phase on
micrograph built in Figure 2a) [33].

After the LT cycle the general microstructure consists of partially sintered spherical powder
with interparticle necks having a diameter less than 10 um (Figure 2b). The relative density, o,
deduced from the micrograph is 0.644, which is a little higher that the nominal tapped density. After
the LT cycle (Figure 2b) the internal microstructure exhibits misoriented a plates with a size in the
range 2-5 um decorated with the § phase. The fraction of the o phase is measured to be ~ 80%.

After the HT cycle (Figure 2b), interparticle necks have significantly grown, some of them
reaching 50 um diameter, and the relative density is pr = 0.71. The internal microstructure is lamellar,
with o lamellas having a width of 3-12 um and the a-fraction being equal again to ~ 80%. It indicates
that an o + [ equilibrium is attained during cooling below the B transus temperature.

Fig. 2. Optical and SEM micrographs showing cross sections of representative
microstructures of the reference material in the as-received state (a), after LT (b) and HT (c) cycles.
In the built-in micrographs of the internal microstructure, the white zones are the § phase and the
dark zones are the o - phase.

Puc. 2. Ontiuni Ta SEM MikpodoTtorpadii, 1o AeMOHCTPYIOTh IEpepi3n MpeICcTaBIeHUX
MIKpPOCTPYKTYp €TaJIOHHOTO MaTepialy B OYaTKOBOMY cTaHi (a), micis nukiaiB Hu3bko (LT) (b) ta
BUcokoTemmnepaTypHoi 00poOku HT (c). Ha MikpodoTtorpadisx BHyTpIlIHbOI MIKPOCTPYKTYPH,
61J11 30HM BINOBIAaOTh B-(asi, a TeMH1 — o-a3si.

3.2. The hybrid material microstructure

Figures 3a-c display virtual cross sections extracted from X-ray tomography images of the IP
material in the AR state and after both sintering cycles. The relative density px is 0.56, 0.58 and 0.65
in the AR state, after 900°C sintering and after 1300°C sintering, respectively. It means that the
particle packing in AR structure is much looser than the regular packing. Flaws are found below every
inclined strut in AR state. As it can be seen from local 3D rendering (see the upper part of Figure 3)
these flaws have a thickness around 130 pm for the sample in AR state and they are curved in
accordance with the surface of the struts above them. Their average thickness has increased to 150
um after LT treatment and to 350 pm after HT treatment. Meanwhile the relative flaw volume, Vs,
defined in Eq. 115 0.35,0.37 and 0.51 in AR, LT and HT structures, respectively. These values point
out on the large volume taken by flaws and the loss of homogeneity of the porous part of the hybrid
structure.

The bottom parts of Figures 3a-c show details of the interface between the upper surfaces of
the lower lattice struts and the porous parts of the hybrid structures. As it can be seen in Figure 3a,
tiny necks with a few microns diameter can be found in these zones, which is due to the preheating
at 700°C in the EBM machine chamber. After LT and HT sintering cycles these necks are growing in
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diameter with size being similar to the interparticle necks developed during same thermal treatments
of the reference material.

A very fine, basket-weaved, Widmaénstatten-type microstructure is developed inside as-built
lattices (see bottom part of Figure 3a). The observed a laths have an average width ~ 0.5 = 0.2pm
similar to the microstructure reported in previous studies [19,34]. As it can be seen from Figures 1b,c
the a-plates observed inside the sintered powder of hybrid structures and inside the printed lattice
struts are identical to the ones observed in the reference material. It means that the thermal treatments
not only yield the mechanical consolidation of the dense and porous parts of the hybrid structures,
but also lead to the certain homogeneity of the microstructures developed inside these materials.

5

Fig. 3. Virtual cross sections of X-ray tomography images of IP produced structures and 3D
rendering of flaws in AR state (a) and after LT (b) and HT (c) sintering cycles. White arrow
indicates the build direction. The upper parts display the 3D rendering of flaws found below the
inclined struts of lattice structures. The bottom parts show the microstructures inside the partially
sintered particles and the printed lattice in the contact zones.

Puc. 3. BipTyanbHi nonepeuHi rnepepizu Ha OCHOBI peHTTeHIBCbKOi ToMOrpadii cTpykTyp
3anmoBHeHHX B nporieci apyky (IP) i 3D-pennep nedekris B mouatkoBomy crani (AR) (2) ta micns
uusbko (LT) (b) Ta Bucokormmneparyproro (HT) (C) mukiny crikanss. bina cTpinka Bkazye Ha
HarpsMm apyky. Ha BepxHix 300pakeHHs X mpuBeneHo 3D-pennep nedexTiB moOam3y moXuanx
€JIEMEHTIB BHYTpIIIHIX rpaTok. Ha HIKHIX 300paskeHHSIX MPUBEACHO MIKPOCTPYKTYPY YaCTKOBO
CIIEYCHUX MOPOIIMHOK 1 IPYKOBAHOI IPAaTKX B KOHTAKTHIN 30HI.

In Figure 4 virtual cross sections of tomography images of the AP structures are presented. The
relative density, pr, is 0.63, 0.64, 0.7 in the AR state, after 900°C sintering and after 1300°C sintering,
respectively. These values are very close to the ones found for the reference material, which proves
that the AP process results in a dense packing and that the sintering course is not affected by the
presence of the struts. No significant flaw is observed in the AR structure nor in the LT sintered one.
However, slight packing faults are detected just below the upper and bottom strut junctions (see the
dashed arrows in Figure 4a,b), which can be due to the difficulty to fill manually all the hardly
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accessible zones. These packing faults resulted in a value Vi = 0.14 for LT structure, which is 2.5 and
2.65 times lower than the respective values obtained for as-received and LT sintered IP-filled
structures. After the HT cycle, needle-like flaws with thickness linearly increasing up to 250 um is
found under the upper parts of the inclined struts and the total flaw volume has got more significant
(V& = 0.36).

Fig. 4. Virtual cross sections of X-ray tomography images of AP-filled structures in AR state
(a) and after LT (b) and HT (c) sintering cycles. The dashed arrows indicate the packing faults
below upper and bottom strut junctions in as-received state and after LT sintering cycle. The 3D
rendering of a flaw developed after HT sintering cycle is in the right built-in image.

Puc. 4. BiptyanbHi nonepeuHi nepepizu 3a JaHUMH PEHTIeHIBCbKOT ToMorpadii CTpyKTyp
3anoBHeHHX miciist ApyKy (AP) B mouatkoBomy ctaHi (AR) () Ta micns Huseko (LT) (b) ta
Bucokormneparypaoro (HT) (C) mukiy crikanus. Bina cTpinka BKa3ye Ha HAmpsM IPYyKY.

[TyHkTHpHI JiHIT BKa3yl0Th Ha JeeKTH MaKyBaHHS B HIDKHIN 1 BEpXHii 30HI 3'€/IHaHb €JIEMEHTIB
rpatok. Ha BOynoBanomy 300pajeHi 3 mpaBoro 60ky noka3ano 3D-pennep nedekry, skuii
YTBOPHUBCS TICIIsi BACOKOTMIIEPATOPHOTO CITIKaHHSI.

A comparison of Figures 3 and 4 clearly indicates the benefit of the manual powder filling. This
method allows reaching the theoretical packing density of powder inside the printed boxes, leading
to the better control of the partial sintering of the powder at low temperatures (sintering at T/Tm-
(solidus) = 0.54 leads to a densification of 1.5% in 1 hour). Hence, the best result in terms of defects
was obtained when applying the LT profile to the AP filled structures (see Figure 4b).

Nevertheless, attention should be paid to the completeness of the filling procedure as some
zones might be hardly accessible to the powder particles. We believe that such difficulties may be
resolved by applying long-time vibrations on the open boxes over-filled with a given powder.

4. Conclusions

A method for fabricating Titanium alloy based dense-porous hybrid structures by coupling
EBM printing of boxes with internal lattices and partial sintering of powder filled inside has been
presented. Two different filling procedures and two sintering temperatures have been compared. It
has been found that the faster procedure that consists in keeping the powder inherited from the EBM
process inside the boxes has serious limitations : loose particle packing and formation of large defects
below the inclined lattice struts and their further growth during sintering. In its turn, manual filling
of the printed boxes after their complete de-powdering resulted in dense and defect-poor packing with
good interfaces between the dense and porous parts of the hybrid structure. Formation of the lamellar
structures with similar colonies of a-phase in the contact zones between porous and dense parts of
hybrid structure has been displayed. The results of this study can be applied to fabricate mechanically
reliable filters or heat exchangers as well as novel hybrid multimaterials with complex geometries.
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QUANTUM CHEMICAL CALCULATIONS
OF THE ACRIDONE-2,2’-DINAPHTHYLAMINE DERIVATIVE
AS AN EMITTER FOR OLED WITH THE THERMALLY-ACTIVATED
DELAYED FLUORESCENCE

Electronic structure of the recently synthesized molecule in the ground and excited states of the
N-methylacridone derivative is calculated by the PM3 self-consist field method with geometry
optimization. Calculations show that the molecule is non-symmetric in the ground state and a strong
asymmetric distortion is predicted for the excited triplet state. This explains a long vibrational
progression in the emission spectra and the low external quantum efficiency of the fabricated organic
light emitting diode based on this compound.

Keywords: thermally-activated delayed fluorescence, vibronic displacement, acridones, OLED
architecture and interface, spin-orbit coupling, self-consist field.

1. Introduction

Organic materials in the form of polymers, nano-clusters and small molecules can be usually
treated as semiconductors. Because of the presence of variable conjugated C=C and C=X bonds (X
represent mainly N and O as heteroatoms in the conjugation chain), organic semiconductors typically
have intense absorption and emission spectra in UV and visible range. In principle, they are typical
insulators since the charge carriers are provided by electrode injection or doping [1,2]. In comparison
with GaAs these organic materials have considerable advantages in nanoelectronics because of easy
tuning by modification of chemical structure, mechanical flexibility and low-cost fabrication [2].
Thus, organic semiconductors are widely implemented as a useful alternative to inorganic materials
in light-emitting diodes, field-effect transistors and other devices of opto-electronics. They are
especially suitable for flat displays as well as lighting sources in the form of organic light-emitting
diode (OLED). The search for new efficient organic materials for OLEDs is still a growing challenge
in organic synthesis, photophysics and quantum theory [2]. This paper is devoted to theoretical
calculation and spectral analysis of synthetic and photophysical results obtained in Ref. [1] aimed to
provide efficient OLED fabrication.
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2. Results and discussion

The authors of Ref. [1] have presented recently an interesting synthesis of A-D-A type
compound in order to implement it as a thermally-activated delayed fluorescence (TADF) material in
OLEDs. Acridone, known also as acridine-9-one, was used as a starting reactant together with 2,2°-
dinaphthylamine [1]. At the first glance, the synthesized compound 1 seems to be a symmetric
molecule if the dihedral angle CCNC between two naphthalene moieties would be equal each other.
In this case, the N-O axis could be an axis of the C type and determine the reflection plane. The
authors of Ref. [1] have not presented neither structural analysis of the new compound 1 nor any
quantum chemical calculations of this molecule.

0 1) NaH at 0°C, 30min 0 o
e Br Br
LI
—_— —_—
N dry DMF N Acetic acid, N

| Reflux 18hr

Pd,(dba)s, S-phos,

O™ OO, 00 e o‘ u

1
Fig. 1. The scheme of synthesis of compound 1 of the A-D-A type presented in Ref. [1] as a

thermally-activated delayed fluorescence (TADF) material.
Puc. 1. Cxema cunresy cnonyku 1 tuny A-D-A, npeacraiena B nocuianHi [ 1] y Burnsai
TEPMIYHO-aKTHBOBAHOT'O MaTepially i3 3aTpUMKOIO (IIyOpeCHeHIIi].

Being interesting in the general OLED architecture and its interface arrangement [2,3] we have
performed semiempirical self-consist field (SCF) calculations of the structure and spectral properties
of compound 1 in the framework of PM3 approach [4-5]. The scheme of synthesis of acridone
(acceptor) - naphthylamine (donor) derivative, denoted as compound 1 and being presented by the
authors of Ref. [1], is shown in Fig. 1. They have measured the absorption and emission spectra of
compound 1 and kinetics of TADF depending on solvent and aggregation properties in solid films.
The compound 1 is a fluorescent molecule as a typical organic chromophore with the lowest excited
singlet (S1) state of mr* type; it emits in the green region with 560 nm at the maximum of fluorescence
band in acetonitrile, Fig. 2. (A) [1]. Thus, the energy gap between the ground singlet state (So) and
the lowest excited Si state is estimated to be 2.21 eV. Our calculation with PM3 method of
configuration interaction (CI) for 140 single-excited state functions provides for the vertical So-S1
transition much higher energy excitation equals to 3.85 eV, Table 1. The transition is very intense
with the calculated oscillator strength f = 0.929 being in a good agreement with experimental
absorption and excitation spectrum (Fig. 2a).
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Fig. 2. (a). Absorption (dash-dotted black curve), emission (blue) and excitation (dotted
curve) spectra of compound 1 in solvent (acetonitrile) [1]. Excitation spectrum is induced by 540
nm. (b). Emission spectra in methyl tetrahydrofuran solvent at 297 K (black curve), at 77 K (dotted
curve) and at 77K with addition of ethyl iodide (10% v/v) in the solvent (dashed curve with circles).
Puc. 2. (a). Cnextpu nornuHaHHA (IIyHKTHPHA YOpHA KPUBA), BUIIPOMIHIOBAaHHS (CHHIN) Ta
30yKeHHS (MMyHKTUPHA KpUBa) CHONYKH 1 y po3unHHUKY (auetoHitpui) [1]. Crnektp 30yHKeHHS
inaykyerbes 540 um. (b). CriekTpu BUITPOMIHIOBAHHS B PO3UYMHHUKY METHIITETpariapodypany mnpu
297 K (yopna xpuBa), npu 77 K (myakrupHa kpusa) Ta npu 77 K 3 nomaBanusam ermmiionuay (10%
00./ O0.) y po3unHHUKY (ITyHKTUPHA KpUBa 3 KOJAMH).

The authors of Ref. [1] have estimated the energy gap between the charge-transfer singlet and
triplet states as being found 0.3 eV. Such small energy gap Si:-T1 was considered as the reason for
TADF observation, since the small AEs.tgap is usually an important criterium for TADF emission to
take place in a molecule [2]. The authors have studied the detailed photophysics, presented in Fig. 2.
(B) and the transient lifetime measurements at different temperature and solvents. They observed a
large increase in fluorescence lifetime on purging with nitrogen, as being compared with emission in
the air-saturated solution [1]. This indicates an involvement of the triplet T, state in the observed
emission and authors [1] asscribed it to TADF effect. It is difficult to understand why the authors of
Ref. [1] always discuss an emission at 550 nm, though such particular wavelength is not seen in
Fig. 2 as any particular feature in the emission spectra. The emission of compound 1 in methyl THF
liquid solvent at room temperature and in solid glass at 77K indicates the clear vibronic progression.
The observed delay of 0.07 ms [1] corresponds to the delayed fluorescence of the E-type activated at
room temeperature in air-saturated acetonitrile [3]. The lifetime of TADF was found to be 0.176 ms
in nitrogen purged solvent [1]. Applications of TADF materials in OLED technology has received
big attention recently [2,3] since such materials utilise the triplet excitons which helps in increasing
internal quantum efficiency (IQE) of OLED device. Air-saturated OLED based on compound 1 in
emitting layer was fabricated and its intensity was found to be as high as 17,000 Cd/m? at the current
25 mA/cm? [1] being comparable to the other known OLEDSs using the TADF phenomena [2]. Our

guantum-chemical calculations shed a new light on results of Ref. [1] and provide their alternative
interpretation.
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Fig. 3. LUMO (138 MO) of compound 1. Fig. 4. HOMO (137 MO) of compound 1.
Puc. 3. LUMO (138 MO) cnionyku 1. Puc. 4. HOMO (137 MO) crionykwu 1.
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Fig. 5. Atomic charge distribution in the acridone dinaphthylamine derivative 1 ground state.
Puc. 5. Po3noain aToMHOTO 3apsily B OCHOBHOMY CTaHi IMOX1JJHOTO aKpUJOHY AMHA(TUIIAMIHY.

The PM3 geometry optimization in the ground singlet state (So) shows that the molecule is non-
symmetrical. The highest occupied molecular orbital (HOMO) clearly demonstrates the absence of
the left-right symmetry (Fig. 4), though the lowest unoccupied molecular orbital (LUMO) is found to
be more symmetrical (Fig. 3). The atomic charge distribution (in the electron charge units) in Fig. 5
indicates the electronic densities in the left and right part of acridone moiety are different including
nitrogen atom links with 2,2’- dinaphthylamine moieties. Both nitrogen atoms have positive charges
as well as the whole dinaphthylamine parts; thus it is difficult to consider them as acceptors. At the
same time, the acridone moiety bears some excess of negative charges and the whole structure could
be treated better as the D-A-D type of compound. The left and right N atoms have very different
charges (0.158 and 0.101, respectively). The same inequality concerns the N—C bond lengths. In the
left part they are shorter by about 0.01 A. Geometry optimization of the triplet excited T1 state by the
spin unrestricted Hartree-Fock (UHF) method predicts much more distortion in the left-right
symmetry. Now the left N-C link is equal 1.41 A and the right link is 1.47 A. Similar difference in
distortion of the left and right acridone rings can be mentioned in favor of the anti quinoid structure
in the left ring. Not very much distortion is observed in the naphthalene rings. These peculiarities of
the optimized geometry in the Ti excited state are consistent with the spin density distribution
(Fig. 6) which is characterized by strong asymmetry.
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Fig. 6. Spin density distribution in the triplet excited state at the optimized T1 geometry.
Puc. 6. Po3noin rycTHHY CriHA B TPUILUIETHOMY 30y/DKEHOMY CTaHi 3a ONTUMIi30BaHOT
reometpii T1.

One can see from Fig. 6 that the spin density in the triplet excited T state is strongly localized
in the left part of the acridone moiety. These results of geometry optimization by the UHF method
for the triplet excited T1 state are rather different from the vertical Cl calculation at the Sp optimized
structure. The UHF method gives the 0-0 transition energy for AEs.t gap equal to 1.42 eV; much
lower than 2.99 eV for the vertical So — T transition in Table 1. Even the orbital nature of the T:
state is different as being predicted by these two methods.

Table 1.
The vertical absorption spectrum obtained by CI calculation at the So optimized geometry;
f — oscillator strength (dimensionless), A — wavelength, pu — dipole moment.
Tabmurs 1.
BepTtukansHuii CrieKTp NOTJIMHAHHS, OTpUMaHuil po3paxyHkoM Cl 3a ontumizoBaHOi
reometpii So; f - cuma ocrimsiTopa (6e3po3mipHa), A - TOBKHUHA XBHII, |L - AUMOIBHAN MOMEHT.

Excited state E, eV A, nm f Wave function | p, Debye
T 2.99 4147 0 [134—141] 3.4
S1 3.85 321.6 0.929 137—140 4.1
S2 4.06 305.5 0.166 137—139 5.3
Ss 4.09 303.0 0.422 137—138 7.0
Sq 4.30 288.0 0.362 135—138 4.7
Se 451 274.8 0.751 134—141 4.1
So 5.03 246.4 0.799 133—135 7.7

Excitation (134—141) of the Ty state in Table 1 corresponds to molecular orbitals localized in
the right side of the molecule 1. Thus, geometry optimization by the UHF method provides another
triplet state as the first excited T1 one. The results of Table 1 provide a good agreement with
absorption spectrum given in Fig. 2a. The weak and wide violet absorption band at 400-440 nm,
Fig. 2a) corresponds to spin-forbidden vertical So — T transition at 414.7 nm (Table 1). The un-
planar structure of the whole molecule produces c-m mixture of orbitals localized in the region of C-
N links between chromophore, which is typical for HOMO 137 (Fig. 4) and other orbitals like 134-
141. Such o-1 mixing is responsible for increase of spin-orbit coupling (SOC) between S and T states,
which removes the spin prohibition for So — T transition [2]. This first absorption band is observed
in the visible region as a wide feature; the width can be explained by a large geometry distortion upon
So — T excitation. It is important that the first So — Si transition is predicted by CI calculation as
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the most intense absorption band (f=0.929, Table 1); thus, the weak wide feature at 414 nm can be
ascribed only to Sp — T transition. The twist at 305-303 nm, Fig. 2 (A), is also well reproduced by
our calculation (Table 1) as well as intense UV absorption at wavelengths <275 nm.

The So — Ss transition at 303 nm represents HOMO-LUMO excitation (137—138), Table 1.
From Figures 3 and 4 one can see that it includes a big portion of charge transfer from the left
dinaphthylamine moiety to the central acridone part with simultaneous internal excitation of the
electronic cloud in the center. That is why the Sz state has a relatively large dipole moment (7 D),
while the ground So state shows only 3.55 D. Many other excited states have rather similar dipole
moments. Thus, it is difficult to assign them to charge-transfer states. In particular, the fluorescent S;
state have the dipole moment not very different from the ground state. Upon geometry optimization
the dipole moments of the S and T states are only slightly increased (up to 3.7 D).

After So — S excitation the molecule undergoes a fast and strong geometry distortion to the S;
state equilibrium; thus, its fluorescence is shifted to the red region and corresponds mainly to the 0-0
transition in emission. Equilibrium of the S state is distorted similar to the triplet one. This explains
the wide form of emission band with a maximum at about 560 nm in acetonitrile, Fig. 2a. The polar
solvent enhances the distorted bond lengths because of their environment-induced polarization. In
methyl THF the distortion is not so big as in acetonitrile, and the red Stocks shift for emission (509
nm) is not so large, Fig. 2b. This emission in solid THF solvent at 77K can also be ascribed to
fluorescence with 0-0 band at 509 nm and vibronic 0-1 satellite at 541 nm, Fig. 2b. The vibrational
interval is equal to 1160 cm™ corresponds to CCH bending frequency. But, an additional peak at 587
nm in solid THF glass is not a vibronic progression. This is a new T1 — So emission, since vibrational
interval could be too big (1418 cm™) in the case of the same CCH vibration progression.

In the glass with ethyl iodide admixture at 77K the additional emission peak at 587 nm is much
more enhanced, Fig. 2b. This is explained by the well-known external heavy atom (EHA) effect
because iodide in solvent provides enhancement of SOC in organic chromophores and increases,
transition dipole moment of the T1 — So transition [2,3]. The EHA can also increase the intersystem
crossing S1 — Ty rate and additionally enhance phosphorescence emission at Fig. 2b in the dashed
curve. Thus, the emission in solid THF solvent at 77K can be ascribed to phosphorescence in both
cases, with and without EHA effect, Fig. 2b. It consists of 0-0 band at 587 nm and vibronic 0-1
satellite at 638 nm. The new vibronic interval 1363 cm™ in phosphorescence spectrum is higher than
that in fluorescence (1161 cm™). This is quite natural since the S1 — So and T1 — Sotransitions have
completely different origins for their radiative activity [3].

For the optimized Sp and T; structures the AE(so-t1) energy gap is calculated to be 32.8 kcal/mol
(1.43 eV). The UHF PM3 method is known to underestimate these AEso-t1) values [6,7]. This
comment is consistent with the observed fluorescence and phosphorescence spectra in Fig. 2b. The
small AEs1-11) energy gap of about 0.3 eV at the optimized S: and T equilibrium geometries is in a
good agreement with the measurements of Ref. [1]. The calculated radiative lifetime of fluorescence
(with the observed wave length) is equal 5 ns in acetonitrile and 5.8 ns — in methyl THF. These
estimations are in a reasonable agreement with experimental measurement: 6.9 ns in a neutral Hexane
[1]. The delayed fluorescence lifetime (0.176 ms) definitely corresponds to TADF emission being
300000 times longer.

The studied fabricated OLED was composed of all typical layers and components
ITO/PEDOT:PSS/NPD/1/BPhen/LiF/Al [1,2]. The hole blocking layer 4,7-Diphenyl-1,10-
phenanthroline (BPhen) was placed after the emissive layer of compound 1 closer to the aluminium
cathode in order to confine the excitons in the emissive layer. As a hole injecting layer was used
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). A well-known N,N’-di-(1-
naphthyl)-N,N°-diphenyl-(1,1’-biphenyl)-4,4°-diamine (NPD) as a hole transporting layer [2] was
implemented. Indium-Tin-Oxide (ITO) catode and LiF as electron injector are used as usual
traditional components [1,2]. The calculated properties of compound 1 correspond well to a high
quality of fabricated OLED with efficient TADF emission [1].
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3. Conclusions

Electronic structure of the ground and excited states of the N-methylacridone-di(2,2’-
dinaphthylamine) molecule is studied by geometry optimization in the framework of semiempirical
self-consist field method. The molecule represents the A-D-A type compound, where acridone moiety
is a donor (D) and naphthylamine is an acceptor (A) of electron density, according to classification
of the authors of ref. [1], whose who synthesized this compound and used it for OLED fabrication.
Our calculations show that the A—D—A type classification does not fully correspond to the electron
density distribution and the molecule is not symmetric. This asymmetry strongly increased in the first
excited triplet (T1) and singlet (S1) states. Thus, the vertical So—S; excitation is predicted with too
high energy and 0-0 transition — with too low excitation energy. Strong distortion in excited states
explains the Stocks shift and vibronic progression in the luminescence spectra and its temperature
and solvent dependence.
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O HAPAMETPAX TU®®Y3UN B CACTEME MHOI' OKOMITOHEHTHBII
AKUIKOCTHBIU PACTBOP-TBEPJAOE TEJIO

B 0630pe npusedenvl 0600wenus meopemuuecko2o ONUCAHU NPOYECCO8 MACCONEPEHOCA HA
NOBEePXHOCU pa3z0end «HCUOKOCMHBIU pacmeop - meepooe menoy (KP — TT), npednosicenmvix
JI.OHzazepom 0nsi paccmompenus 83auUMOCBA3AHHBIX HeOOPAMUMbBIX NPOYECco8 8 aHU30MPONHLIX
cpedax. Llenvio 0b630pa ecmv onucanue GU3UYECKUX OCHOB MEOPEMUUECKO20 AHAIU3A NPOUECCO8
macconepeHoca Ha NOBepPXHOCMU pazoena «HCUOKOCMHbIU pacmeop - meepooe menoy (KP — TT) 6
cayyae paccMOmpenus MHO2OKOMHOHEHMHBIX JHCUOKUX U MBepOblX PACMEOpOs, HAIUYUS 6
MOOENbHbIX  CUCMEMAX KaK OObIYHBIX PACMBOpOs, MAK U JIeKMmpoIumos, paccMompeHus.
MacconepeHoca 8 NOPUCMbIX CUCMeMax Ha ocHose 0606uenus meopuu Ouzazepa.

KaroueBbie ciaoBa: quddy3usi, MOBEPXHOCTh pasfieiia, MHOTOKOMITOHESHTHBIN JKHUIKOCTHBIN
pacTBOp, MaccomepeHoc, TEOpHs TePMOIIEKTpUuUecKux sBieHuit Tomcona, Teopus ['enbmronslia,
TEPMOUHAMHKA HEOOPATUMBIX TTPOIECCOB.

1. Bgenenmne

®u3nuecKrue OCHOBBI TEOPETUUECKOT0 aHaIN3a MPOLECCOB MACCOMEPEHOCca Ha MOBEPXHOCTH
pasnena <«KHUIKOCTHBIA pacTBOp - TBepnoe Teno» (OKP — TT) mpennoxxenst JI.Ouzarepom [1,2],
PacCMOTPEBIIUM B3aUMOCBSI3U PA3IMUYHBIX HEOOpPATHMBIX MPOIECCOB B aHU30TPOIHBIX Cpelax.
Teopernueckoi 0a30i UCCIeAOBaHUS MTPOIIECCOB MACCOMIEPEHOCA B CMECSAX AJIEKTPOIUTOB SIBISACTCS
TePMOJUHAMHIKA HEOOpaTHUMbIX TporieccoB. OCHOBHOE MOJOKEHUE ITON TEOPUHU 3aKIIIOUAETCS B
JMHEHHOM 3aKOHE MEX/Ty TOTOKAMH |i ¥ JIBIKYIIUMH CHUIIAMH Xi

Ji= Z Lik Xi, (1)

rie Lik — kunetnyeckuil (heHoMeHOI0rnueckuii) Ko3ppuireHt, o0nafaronmii cikMMeTpuen, T.e. Lik
= Lk (i#K) (coorBercTBUE B3anMHOCTH OH3arepa).

B 3aBucumoctu (1) oTpakeHbl AEWCTBHUS OCHOBHBIX M MEPEKPECTHBHIX UM Y3nOHHBIX
s¢dexToB. J(HaroHanbHbIe 3JIEMEHTHI ONPEAEISIOT OCHOBHON (P (eKT, 00yCIOBICHHbII BIUSHUEM
COOCTBEHHOW IBIIKYIIEH CHIIBI, HEAHMATOHAIBHBIC K€ XapaKTepU3YIOT NEHCTBHE TMEepEeKPECTHBIX
3¢ HEeKTOB, CBA3aHHBIX C BIUSHUEM IPYTUX ABIKYIIUX CHII IIpoliecca Maccornepenoca [2].
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YactaeiM crnydaem 3akoHa Omnzarepa sBhsoTCS 3akoH auddysun duka u  3aKoH
teronpoBogHOCTH Dypbe. B ocHoBHOM [3], mpouiecc macconepenoca B cucteme XKP - TT cnaraercst
13 MOCIeA0BaTeNIbHbIX CTaiui nepeHoca Bemiectsa B JXKP u pacnpenenenus komnoneHTos B TT.

B XP wmaccomnepeHOC OCYIIECTBIISETCS MOJICKYJISAPHOH, TypOYJIEHTHOW M KOHBEKTUBHOU
mupdysueit [4]. B TT wmomekynasl pacTBOpeHHOro BemecTBa TUGPYHIUPYIOT B CBOOOIHOM
MPOCTPAHCTBE Marepuasa, a TakKe B MOTEHIMAJIBLHOM I10JIe¢ KPUCTAUIMYECKON pemieTku Tena. K
MOCJICTHEMY THITY OTHOCAT AU Y310 acOpOMPOBAHHBIX MOJICKYJ (TTOBEepXHOCTHAs AUGDy3HsI).

Takoil HanpaBJIEHHBIA NEPEHOC BELIECTBA ABJISETCS CICACTBUEM HEPABHOBECHOT'O COCTOSTHUS
cucrembl. IlocpeacTBoM MaccomepeHoca OCYIIECTBISICTCS JOCTHKEHHE PaBHOBECHUS MEXAY
KOHTakTupyrommmu  ¢azamu. [Ipm  3TOM, Kak H3BECTHO, BBINOJHSETCS  HEOOXOIUMOE
TEPMOJUHAMHUYECKOE YCIOBHE — YCTAaHABIMBACTCS PABEHCTBO XUMHYECKHUX MOTEHIIMAIOB ATHX (a3.

Bpemennbie COOTHOIIEHUS, ONMMCHIBAIONIME TMPOIECCHl MAacCOMEepeHOoca Ha IOBEPXHOCTH
paszena <OKMIKOCTHBIM pacTtBop - TBepaoe Teno» (OKP — TT), BeIBeAcHHBIE W3 TEOpPUU
TEPMODJICKTPUUYECKUX sBJICHUM TomMcoHa u Teopuu ['enbMroibiia MOTyT OBITh KBaTU(UIIUPOBAHBI
KaKk  KBa3UTEpMOJMHAMUYECKHE, TpeOYIolue HKCIEePUMEHTAIbHOrO MOATBepkaAcHUs. [laHHBIE
COOTHOILIEHHS B O0IIEM BUIE MOTYT OBITh MOJTYYSHBI TEOPETUIECKON 00pabOTKON, OCHOBAaHHOM Ha
MIPUHIIUIIE MUKPOCKOIIUYECKON 0OpaTUMOCTH.

Llenbto 0030pa ecTb OOOOIIEHHBIM TEOPETHUUECKUN aHAJIM3 IPOLIECCOB MaccollepeHoca Ha
MOBEPXHOCTHU pa3fielia «KUIKOCTHBINA pacTBop - TBepaoe teno» (KP — TT) B cmyuae paccMoTpeHus
MHOTOKOMIIOHEHTHBIX JKUJIKUX W TBEPIBIX PACTBOPOB, HAIMYMS B MOJEIBHBIX CHCTEMax Kak
OOBIUHBIX PACTBOPOB, TaK U AJIEKTPOJUTUYECKUX PACTBOPOB, PACCMOTPEHHUS MaccolepeHoca B
MOPHUCTHIX CHCTEMaxX Ha OCHOBE 00001eHns cooTHomeHuit OH3arepa.

2. Cnoco0bl omnpeaeneHusi B3auMocBsI3u K03 punuentoB Ouzarepa u 1u¢Py3uoHHBIX

napaMeTpoB /ISl HEOJHOPOIHBIX CHCTEM

B MHOrOKOMIIOHEHTHBIX pPACTBOPAX IEPEHOC BEIIECTBA YCKOPSAETCS WM 3aMeassieTcs
INPUCYTCTBUEM CONYTCTBYIOIIMX KOMIIOHEHTOB. BciencTBue 3TOro mMposBISIOTCS — Takue
cre(pUICeCKIe SBICHUS KaK [5]:

- ocMoTHueckast 1udy3us (IpU OTCYTCTBUH IPAJMEHTa KOHLIEHTPAIUN);

- peBepcuBHas nuddy3us (B HaNpaBICHUH, IPOTUBOIOJIOKHOM I'PaJUEHTyY KOHLEHTpaluil),
KOTOpast MOKeT oOecrieunBaTh U30MpaTebHOE pa3/ieeHuE;

- (dopmupoBanne auddy3noHHOTO Oaphepa, 0OyCIaBIMBAIONIEE MPAKTHYECKOE OTCYTCTBUE
MacconepeHoca BOIPEKH HATWYHIO IPAJJMeHTa KOHLIEHTPAIHA.

OCHOBHbIE TIOJIOKEHUSI TEOPUU MOJEKYJIApHOW Tn(p(dy3ur B MHOIOKOMIIOHEHTHBIX CMECSX
U3JIOKEHBI B [4], I/ie TNIOTHOCTH MOJICKYJISIPHBIX TU(P(Y3HOHHBIX TOTOKOB KOMIOHEHTOB CMECH i B
otauuue ot ypaBHeHui Credana-MakcBenia IpeICTaBIECHbI B IBHOM BUJIE

n-1
ji=ci(vi-vo) = Y. DyVCj; (i=1,2,..., (n-1)). )
j=1

31ech Ci — KOHIIEHTpAIHsl KOMIIOHEHTOB; Vi — CPEIHsIsl CKOPOCTD JBMIKCHUS MOJICKYJ BUJA I;
V' — CKOpPOCTh NepeMelIeHHs IIOCKOCTH (poHTa Iupdy3un ¢ HYIEBBIM Pe3yIbTHPYIOIIUM
00beMHBIM TOTOKOM; Dij — ko3¢ dunmentsr monekymnsapHod mudpdysun (Dii — rmaBusle, Dij -
MEPEKPECTHBIC TIPH I7]), N- YUCIIO0 KOMIIOHEHTOB PacTBOPA.

B kadecTBe ABIKYILEH CHIIBI MaccolepeHoca B JaHHOM Cllyyae UCIOJb3YIOTCS T'PaAMEHThI
kounenrpanuii V Cj (BMECTO IrpaJiieHTOB XMMHYECKUX HOTeHIranoB). O600eHHbIi 3akon Puka
JUIE MHOTOKOMITOHEHTHBIX cMeceil B Buje (2) mony4yus Haubojiee HIMPOKOE NMpPUMEHEHHE MpU
uccinenoBanuu MacconepenHoca B cucreme JKP - TT, rae Dii T.H. npaktuyeckue nuddysroHHbe
KO3 QHUIUEHTHI, UMEHYEMBbIE TaK, B CBS3U C TEM, UTO OHHU OIIPENENIAIOTCS IKCIIEPUMEHTAIIBHO.

[Ipn mMonmenupoBaHUU TPOIECCOB MaccomnepeHoca AU y3rnOoHHBIE TTOTOKH MPEIOKEHO [6]
OIIpeJIeNIATh Ha OCHOBAaHMM MOABMKHBIX CHCTEM OTCYETa, €CIIM MAcCONEPEHOC OCYIIECTBISETCS B
CBOOOJTHOM TIPOCTPAHCTBE, W HEMOABIDKHBIX, NMpH Hamm4Ynd B AudQy3noHHOH mape TBepHOH

0
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noBepxHocTu. [Toaromy mtst pemenus 3anay maccornepenoca B rmape JXKP - TT o0b9HO BcTIONb3yeTces
HETOBIIKHAS CHUCTEMa OTCYETA.

B pasz6aBnensix XKP Hayano orcyera oTHOCAT K pacTBopHuTento. OJHAKO B TaKMX PacTBOpax
mudQy3uss aTOMOB pACTBOPUTENE B HAINpPABICHUH, IPOTHUBOIMOJIOKHOM JUGPY3UH aTOMOB
pPacTBOPEHHOI'O BEILECTBA, HE3HAUUTENbHA, W IIOABM)KHAs CUCTEMa KOOPJIMHAT IPAaKTUYECKU
COBIAJIAET C HEMOJABUKHOM [4]. DTO O3BOJIET UCNOIB30BAaTh B pacu€Tax MacCONEepEeHOCa 3HAUYCHUS
KO3(Q(QHUIHUEHTOB, ONpEJENeHHbIE OTHOCUTEIbHO IUIOCKOCTH C HYJEBBIM PE3YJIbTUPYIOIIUM
00BEMHBIM TOTOKOM.

Ilepenoc BelecTBa B TBEPJOM TeJl€ KOHTPOJIUPYETCS MEXaHU3MOM U (Py3UH, OCTOKHEHHBIM
HEJNIMHEHHOCThIO TyTe auddysuu, paznuumeM uX (QHU3HMUECKOW NPUPOIBI M CTPYKTYphl. Ilpm
MOJICJINPOBAaHUM IIE€PBOIO BHUA MAaCCOIEPEHOCA B MHOTOKOMIIOHEHTHBIX TBEPIBIX CHCTEMax
COOTHOILEHUS Ui TUIOTHOCTEH AU(D(Y3MOHHBIX MOTOKOB MOXKHO 3a1aBaTh B BHIE (2), HO Dij
HeoOXoauMo 3aMeHuTh Ha d(dextuBHbIe KOdhDumeHTsr quddy3ur B cBOOOJHOM COCTOSHHH,
paccuuThIBaeMble 10 aTOMHBIM AU (D Py3nOHHBIM KO3 PHUIIMEHTaM, 10JIe CBOOOJHOTO MPOCTPAHCTBRA,
U HEJIMHEWHOCTH €ro CTPYKTYPBI.

[Tpu mepenoce B moe aJcOPOIMOHHBIX CHJI, TNIOTHOCTH IMTOTOKOB KOMITOHEHTOB CMECH CIIETyeT
3ajaBath B BUjE [2]:

n-1
joi=-Y, Di®Va; (i=12,..., (n-1)), (3)
-1
rae Dif® — nuddysuonnsie kodhHUIMEHTH MepeHoca agcopOMPOBAHHBIX HMOHOB U MOJEKYN B
o0beMe TBepIbIX (ha3; aj — KOHLEHTpAlKs BELIeCTBa B aJICOPOMPOBAHHOM COCTOSTHUM; N — YHCIIO
HE3aBHCHUMBIX BUJIOB YacTHUIl (11 HEINEKTPOJIUTOB 3TO KOJIMYECTBO PACTBOPEHHBIX BEUIECTB U
PacTBOPHTEIIb).

Hanpuwmep, tpexxkommnonentHas cuctema NaCl + KCI — H2O coctouT u3 yeTbipex BHUIOB
vactun (Na¥, K¥, Cl" u H20). Eciu 1Ba pacTBOpa 3JIEKTPOIMTOB HE UMEIOT OOLIEro MOHA, TO CUCTEMA
CUMTAETCS YETHIPEXKOMIIOHEHTHOM. B N — KOMIIOHEHTHOM CMECH, KaKOU SBJISIETCS pEAJIbHBIN PACTBOP
(pacmuiaB), 4uciI0 HE3aBUCUMBIX JU((Y3HNOHHBIX TOTOKOB PaBHO (N-1), MOCKOIBKY MOTOK OJHOTO U3
KOMIIOHEHTOB  IOJHOCTBIO  ompeneisiercss  ocraibHbIMU.  ClieJoBaTe€NbHO,  KOJUYECTBO
ko3 dunmrentos auddysuu pasHo (N-1)%. Tak, HAIpUMep, MACCOMEPEHOC B TPEXKOMIIOHEHTHOM
CMECH JIOJDKEH ONpelenaTbcs 4YeThlpbMs Kodpduuuentamu auddysuu. Takum obpaszom,
Ko3ppuunenTs 1upy3u MHOTOKOMIIOHEHTHBIX cMeceil (pacTBOPOB) MpPH BBIIEICHUU TBEPABIX
(a3 nmpeaCcTaBIAIOT KBAAPATHYIO MATPHUILy KOMIIOHEHTOB Bbiienenui [Dij]. Pasmep Takoit MaTpuiisi
oyner (n-1) « (n-1).

Omnpenenenre TMaBHbIX U MEPEKPECTHRIX KoA(puiueHToB 1uddy3un npu MaccornepeHoce B
pacTBopax  (paciuiaBax)  HEIJIEKTPOJIMTOB  TPOM3BOIUTCA  IMyTeM  pEUIeHus  3ajad
MHOTOKOMIIOHEHTHOW 1u(d@dy3un B CoOYETaHMM TEOpPUM M JKcnepuMeHTa. MHoW mnyTh He
obecreynBaeT ycrexa, IoCKoJIbKy HEKOTOPbIE TapaMeTphl, B OCHOBHOM, HE TOJ|/Ial0TCS BEIYUCIICHHIO
(MCKJIIOUEHUE COCTaBIISIET MOJXOJ, M3JO0KEeHHBbIH B pabote [7]). Hambonee TouHble pe3ynbTaThbl
MOJTy4aroTCs PU MCIOIB30BaHUM HECTAIIMOHAPHBIX TEOPETUUECKUX MOJIeNIel B BUJIE ypaBHEHUS (2).
Tak, B pabore [4] Ha OCHOBE MNPEANOJOKEHUS O IMOCTOSHCTBE Kod(pduureHtoB audpdysun
Ipe/UIo’KeHa MOJENb, MO3BOJIAIONIAsl CBECTH PpEIICHHWE YpaBHEHUH HecTalMoHapHOW Iuddy3un
MHOTOKOMIIOHEHTHBIX CMECEW K pEIIeHHUIO HECBSI3aHHBIX ypaBHEHUI HecTalunoHapHOU nuddysun.
AHanu3 pe3ylbTaToB CBUJETEIbCTBYET, YTO BEJTMUMHBI IJIaBHBIX U MEPEKPECTHHIX KOAPPHUIIMEHTOB
mubdy3un B cMecsX TpPeACTAaBIAIOT HaHopasmepHbii mopsgok 107° - 107! m%/c, 3aBucar or

KOHICHTpauu, CoOCtaBa CMECHU U BHCITHUX (I)I/I3I/I‘-IGCKI/IX BO3JCHCTBUI D - (baKTopa HECTaOMILHOCTHU

[4].
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3HavyeHUs epeKpecTHIX TU(PHy3nOHHBIX KOI(DPUITMEHTOB HUKE TITABHBIX, U, B YaCTHOCTH JIJIS
pa36aBIEHHBIX PACTBOPOB — Ha MOPsAIOK. Hampumep, pacTBOPUMOCTh CaXapo3bl U MAaHHUTAZ B BOJIE
COOTBETCTBEHHO paBHa 2,28 n 1,05 mons/1. Kosddumments muddysnu D° cucrem caxapos3a-Bona u
manuuT-Boga (D% = 0,4588:107°, D% = 0,5668-10° m?/c). Kosddumuents! B3aumHol 1uddysun B
pa36aBIEHHOM BOIHOM pacTBope caxapo3bl D11 =0,3557-10° u manruTa D22 = 0,4621-10° M?/c (1pu
KOHIICHTPALMd KOMIIOHEHTOB cMmecu c01=0,25 m co2 = 0,5 moap/m), XoTs KO3(pPHUIHMEHTHI
nepekpecTHO# quddy3un - Di2=0,0206-10°, D1 = 0,0689-10° m?/c.

Koaddunmenter muddy3un B razax OOBIYHO HA TPU-YETHIPE MOPSAIKA BBIIIE, YeM B
KHUJKOCTHBIX pacTBopax (pacraBax), mpouecchl auddy3un B MOCIEAHUX MPOTEKAIOT OTHIOAL HE
Me/IJICHHEE, TIOCKOJIbKY MOJISIPHBIE IJIOTHOCTH U TPAJIMEHTHl KOHIICHTPALUH, KOTOphIe HEOOXOIMMO
YUUTHIBATh NpHU aHaiu3e Ju¢pGy3uud B MHOTOKOMIIOHEHTHBIX PACTBOPAX, B HUX 3HAUUTEIIHHO BBIIIIE.
[Tpu 5TOM CciemyeT MOMHHUTB, YTO MPOLECCH MacCOMEepPeHOca MPUBOJIAT K MOBBIIICHUIO SHTPOIIHU
CUCTEMBI, a B TEPMOJMHAMHYECKH CTa0MIbHON cuctemMe Matpuie AU dy3noHHbIX KOI(PPHUIIHEHTOB
MPHUCYIIH MIPOCTHIC MOJIOKHUTENbHBIE cOOCTBeHHBIE yncna, T.e. D11 > 0, D22 > 0, D11D22 > D12Do2s.
3HaueHusi MepeKpecTHbIX KOdPGUIUEHTOB AUPPY3UH CMeceil HEINEKTPOJIUTOB B BOJE TaKKe
MIOJIOKUTEIHHBI.

Ha ocHoBe 5KCHepuMEHTaNbHBIX JaHHBIX XpomaTorpaduu U HUMIYIBCHOTO SIEPHOTO
MarHuTHOTO pe3onanca (SIMP) pa3paGoraHbl MeTOABI ONMpeACNICHUS MaTPULBI KOI(PPHUIHECHTOB
MOJIEKYJISIpHOM U Py3ur MHOTOKOMIOHEHTHOTO pacTBOpa, TIJe MPUMEHEH METOJ IIaroBOi
perpeccuu [8].

OOpazoBaHue TBEpPIbIX BBIACICHUN HA MOBEPXHOCTSX, OMBIBAEMBIX MHOTOKOMITOHEHTHBIM
pacTBOPOM, MaccCOIEpPEHOC B JIBIXKYIICHCS cpefe BOIU3M MOBEPXHOCTH OOYCIIOBJIEH KOHBEKLUEH,
MOJIEKYJISIpHON U TypOyneHTHOU muddys3ueil. V3mMeHeHne KOHUEHTpAlUu 37eCh MPOUCXOIUT B
(G Py3MOHHOM MOTPAHUYHOM CIIO€, B KOTOPOM HMEETCS TNpojoiibHas (10 KacaTelbHOW) W
HOpMasbHasi K MOBEPXHOCTH COCTABISIOLINE CKOPOCTH [9], I/ie SMIOphl KOHILEHTPALUNA HOHOB U
YacTUI] KOJUIOMJHOW JUCIEPCHOCTH OOpaTHO MPONOPIHMOHAIBHBI JIIOpAaM CKOpPOCTEH, Kak
muddepeHnanbHas U HHTETpalibHAs KpUBBIE. YPAaBHEHHE MAacCONEpeHoca IpH IMOCTOSHCTBE
kod(pdurmeHToB MoyieKyisipHoi muddysun B mpenenax aud@y3MOHHOTO MOTPAHUYHOTO CIIOS
MHOTOKOMIIOHEHTHOTO pacTBOpa U3BECTHO B BUJIE [4]

n-1
(@Cyaty + (V-VCi) = Y. DyV2Cj; (i=1,2,..., (n-1)), (4)
-1
rae V - pe3ynbTUPYIOIIUIA BEKTOP CKOPOCTH; t — Bpems.

CpaBHeHue BpeMeHH (DaKTHYECKOro M3MEHEHUs! KOHLIEHTPAIMM CO BPEMEHEM YCTaHOBIJICHUS
CTAllMOHAPHOI'O pacIpeieeHNnsl KOHIEHTPaluu 1a€T BO3MOXHOCTh pacCMaTpUBaTh MacCONEPEHOC B
TG Py3MOHHOM cJI0€, KaK KBAa3UCTALlMOHAPHBIH MPOLeCcC U /IS JAaMUHAPHOTO CTAaOMIN3UPOBAHHOTO
JBUKEHMSI N-KOMIIOHEHTHOT'O MTOTOKA BJI0JIb TOBEPXHOCTU B ypaBHEHUH (4) 00OpeTaroT BUA

n-1
Vy (OCi3X) + vy (8Ci/By) = D Dy(8*Cildy?); (i=1,2,..., (n-1)), (5)
j=1
rae Vx u Vy — KacaTcJibHagd U HOpMaJIbHaA COCTABJIAIOIINC BEKTOPA \7 .
I/ICHOJ‘IBSyﬂ HpI/I6J'II/I)KeHHBIe 3HAa4YCHUI Vx U Vy HpI/I MaJIbIX paCCTOSIHI/IHX oT HOBerHOCTI/I,

MOJIyyaeM pelIeHHe CUCTeMbI (5), MO3BOJSIONIEE ONPEAEIUTh MOTOKM KOMIIOHEHTOB CMECH |i,
YCPEIHEHHBIX IO IOBEPXHOCTH IIACTUHBI. Tak, mpu N =3 OHU UMEIOT BUL:

j1=K(D11F1 + D12F2), j2 = K(D21F1 + D22F>2), (6)

rae K = 0,678 Re%%/(1-s12521)L; Re = VoL/v; s12= (D11/ D12)(02Pr2-1); $21=(D22/ D21)(61Pr1-1);

2 MaHHAT — MIECTHATOMHBIH CIIUPT — ANBIUT, OECIBETHBIE KPHCTAJLIBI, CIIAJIKME HA BKYC, XOPOILO PACTBOPUM B BOJIE.
ConiepKHUTCS BO MHOTHX PacTeHMsX. MaHHUT U €ro MPOU3BOJIHBIE IIPUMEHSIOT JUIS TIOJTyYESHHUS TOBEPXHOCTHO-
AKTHBHBIX BEIECTB, OJIN(Q, CMOJI, JIJAKOB, B3pHIBUATHIX BELIECTB, & TAKXKE B ITUILEBOM TPOMBIIUICHHOCTH, Tap(iomMepuy,
¢dopmymna: CsH140s.
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c12=(2Prs Prz)'l Pri + Pro+ [(Pry - Pr2)2 + 4(D12 D21/D11 D22)]0’5;

F1 = [(Co1- Cs1)+ S21 Pra/Pra(Coz- Cs2)] 617232 - s21[812(Co1- Cs1)+ Pra/Pri(Coz- Cs2)] 6279333

F2 = [(Coz- Cs2)+ S12 Pri/Pra(Coi- Cs1)] 6232 - s2[521(Coz- Cs2)+ Pri/Pra(Coz- Cs2)] 61232

Coi u Csj — KOHIIEHTpaIUs BEIISCTB BHYTPH MMOTOKA M HA TIOBEPXHOCTHU TUIACTUHBI JUIMHON L; vo —
CKOpPOCTb BHEIIHET0 OE€3BUXPEBOT0 TEUCHUS MOTOKA; V — KOA(P(GUIMEHT KUHEMAaTUYECKON BSI3KOCTHU
pacTtBopa.

I'maBHbIe M mepekpecTHble KOA(PGUIMEHTH MaccollepeHoca s pa30aBICHHBIX BOJTHBIX
PacTBOPOB CMecCei MmpeiaraeTcs OCyIeCTBIATh 10 KPUTEPUATBHBIM YPABHEHUSAM, MTOJTYYCHHBIM [4 ]
JUIs OMHApPHBIX PAcCTBOPOB, T.K. YUET MEPEKPECTHHIX dPPEeKTOB MpH UG GY3UN HEANEKTPOIUTOB BO
BHEIITHEM pPAacTBOPE HMMEET CMBICI TOJBKO Il BBICOKOKOHIIEHTPUPOBAHHBIX PaCTBOPOB
HEDJIEKTPOJIUTOB.

[Tpu TypOyIEeHTHOM IBMKCHHH PACTBOPOB MACCONEPEHOC BIOJb MOBEPXHOCTH OIMPEACTSAETCS
MOJICKYJIIPHOH W TypOyJeHTHOH auddy3ueit ¢ ydeToMm Mmyabcalii TYpOYJICHTHBIX BHUXPEH.
[TnotHOCTH MOTOKA KOMIIOHEHTa Ni B MHOTOKOMITOHEHTHBIX PAaCTBOpAaX MpU OJHOBPEMEHHOM y4eTe
MOJIEKYJISIpHON U TypOyneHTHOU Tud@dy3un He 3aBUCUT OT MPUCYTCTBUS IPYTHMX KOMIIOHEHTOB B
cMecH TpH nepenoce kommnonenta N, T.e.

n-1
Ni=-D.V Ci- Y| DyVCj; (i=1,2,..., (n-1)). 7)
j=1

Wutepec mpencrasnser paspadoranHas B [2,4] mertomuka ompexaeneHus Iuddy3rnoHHBIX
kK0d(QUIMEHTOB  MaccomepeHoca BHYTpUM  TIOPHMCTRIX ~ MaTtepuanoB Djj® Ha  ocHOBe
HKCIIEPUMEHTANbHBIX JAaHHBIX. MeToa ompeaeneHus MaTpullbl K03()HUIMEHTOB MaccolepeHoca
BHYTPU MOPUCTBIX MAaTEPUAJIOB JIJIsl N-KOMIIOHEHTHON CMECH JIOCTATOYHO IIPOCT, B HEM YUTEHO, YTO
MPU M3yYEeHUH HECTALMOHAPHOTO MAacCOIEpPeHOca OOBIUHO H3MEPSIIOTCS YCPEAHEHHBIE MO BCEMY
00bEeMy BEJIHMYUHBI, 3aBHCAIIME OT NPOJOJDKHTEIBHOCTH Tmporecca. B Meroamke Matpuna
koa(duuuentos [Dij¥] onpenensercs Ha OCHOBE MATPULbI OTHOCHTENBHBIX BEIHMUUH aACOpOLUM
[vij] ¥ BETUYMH paBHOBECHOM acOpOLIMY KOMIIOHEHTA CMECH ITPU ITOCTOSIHHOM MX KOHLEHTPALlUU Ha
MOBEPXHOCTU YacTUllbl copOeHTa. OIHAKO JaHHBIE MO aJCOpOIMU BEIIECTB HAa aKTUBHBIX y3JaX U
3HAUEHUS TJaBHBIX U TEpPeKpecTHbIX IU(P(PY3UOHHBIX KOA(P(UIMEHTOB MaccolepeHoca
a/7icopOMpPOBAHHBIX BEIECTB HE MOTYT OBITh NPHUMEHEHBI JJIS HCCIEIOBaHMUS CUCTEM TBEPJBIX
BbI/IEJICHUH, KOTOPBIE CONPOBOXKAAIOTCS TEPMOXUMHUUECKUMHU peakiusiMu. Kpome Toro BbaeneHus
OOBIYHO 00pa3yloTCsi Ha IOBEPXHOCTSX, OMBIBAEMBIX PAcCTBOPAMHU-DJIEKTPOJIUTAMH, B KOTOPBIX
MIPOLIECCHI MAaCCONEPEHOCa UMEIOT HEKOTOPbIE OCOOEHHOCTH, B T.4.:

- JJIEKTPOCTATUYECKOE B3aUMOJIEHCTBUE MEX 1Y MOHAMU;

- CYILIECTBOBAHUE 3JIEKTPUUECKOr0 OTEHIIMANA, HAJIO)KEHHOT'O U3BHE;

- BOBHUKHOBEHHE IEKTPHUUECKOTO MOTEHIMAa, 00YCIIOBIEHHOTO PA3JInNYHOM MOABHKHOCTBIO
HOHOB.

IIpy >TOM TpagueHT »3JIEKTPUUECKOro MOTEHIMaja CYIIECTBEHHO TIOBBIIIAET pOJIb
nepekpecTHbIX 3 dexTos. Hanpumep, B pacteope HC1 auddynaupyror Goee nmoasuxkubie noubl H*
U MeHee nojBMkHble MOHBI Cl. DnekTpocTaTndeckue CHIIbI MPEMSITCTBYIOT 0oJiee BBICOKOM
noaBWKHOCTH MoHOB H™ u yckopstor mepenoc moHoB Cl. B cuily 3TOro mpoOTHBOIIOJIOKHO
3apspKEHHBbIE MOHBI 00pa3yroT oomuil Auddy3uoHHBINA MOTOK, KOHTPOIUPYEMBIH CPEIHUM MEXITY
Du+ u Dei- koaddunmentom auddysun.

B cnoxHBIX pacTBOpax pasHble HOHBI OOBIYHO JIUGGYHIUPYIOT C PA3TUYAIOLIMMUCS
CKOPOCTSIMH U IPOIIECC MAacCOMEPEHOca OMUCHIBAETCS HECKOIbKUMHU Kodpduiuentamu quddysuu
(cm. Tabaumy 1). Tak mpu quddysun HCl u NaCl B pactBope Hanbomnee ObICTPO ABUKYIIHECS HOHBI
H* nepementarorcst, onepexast HoHbl C1°, TIpH 3TOM 2JIEKTPHIECKHI TOK MOIEPKUBAETCSA OKOJIO HYJIS
3a CYeT OTCTABaHUS MEJICHHO ABMKYIuXcst HOHOB Na*. To ecTh, 371eKTpPOHERTPaILHOCTD PACTBOpPA
HoJyIep)KuBaeTcs HoHamu H', IBHKyIUMUCS GBICTpEe, YeM B TIPUCYTCTBUH JAPYTHX HOHOB, TOT/A
kak wonsl Na* nmuddynaupyror meanennee. HOrIa CIIOXKHBIE B3aUMOICEHCTBHS HOHOB MTPUBOJIAT K

CJIydaro, Korga OHM ABUTAOTCA MPOTHUB I'paJUCHTA UX cMmecen OJICKTPOJUTOB B BOAHBIX pacTBOpax
Dij-10° m?/c:
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Tabmuma 1. Habopsr ko duiimentoB qudy3un st HEKOTOPHIX CIIOKHBIX PACTBOPOB
Table 1. Sets of diffusion coefficients for some complex solutions

Cucrema D11, M%/c | Di2, M%c | D21, M%c | D22, M?/c
NaCl (0,5M) — KCI (0,5M) 1,470 0,012 0,183 1,975
NaCl (0,25M) — LiCI (0,2M) 1,191 0,012 0,255 1,839
Na2504 (0,5M) — H2504 (0,5M) 1551 | -0489 | -0759 | 3,792
CaC03(0,5M) — HCI (0,5M) 1641 | 0282 | -0975 | 2,793
CaC03(0,5M) — KCI (0,5M) 1,560 0,048 | -0,399 | 3972
CaC03(0,25M) — NaCl (0,25M) 1,569 0,012 -0,309 1,632

Kak BuAHO U3 MpUBEACHHBIX PACUETOB, SKCIIEPUMEHTANIbHOE HcclieoBanne AU(dy3ul HOHOB
B 00bEME pacTBOpa 3aTPyAHEHO WX HEMOJHON Iuccolualnuvend, a TakKe MOHHOM accolualuei.
[ToaToMy BIIOJIHE €CTECTBEHEH CYIIECTBEHHBbIH MHTEpEC K MEXaHH3My MaccoliepeHoca B
AJIEKTPOJIMTAX B IIEJIOM — NEPCHEKTHBHOMY HANpPAaBICHHUIO B HM3YyYCHHHU IMporeccoB Auddysuun
MHOT'OKOMIIOHEHTHOM CMECH 3JIEKTPOIUTOB. OUEBUAHO, YTO MPHU 3TOM MOAXOJE KOHKYPUPYIOIINE
3P hEeKThl OOBICHAIOTCS DJICKTPOCTATUUYECKUM B3aUMOACHCTBHEM MEXKIy HOHAMH, AHAIOTHYHO
B3aMMHOMY BIIMSIHHUIO KOMIIOHEHTOB Ipu AU dy3UH B CMECH HEIJIEKTPOIUTOB B BOJHBIX PAaCTBOPaXx,
PacCMOTPEHHOTI'O BBIIIE C MO3UIMI HEOOPATUMBIX TEPMOJUHAMUYECKUX IIPOLIECCOB.

[Ipy MonmenMpoBaHUU BHEIIHETO MAaCCOMEPEHOCa B CMECAX DJIEKTPOJIUTOB 3aJar0TCs
3HAYCHUSMU TUIOTHOCTEN TU((HY3HOHHBIX ITOTOKOB KATHOHOB M @aHUOHOB WJTU IUIOTHOCTSIMH TIOTOKOB
ANEKTPOJIUTOB (HE MOHOB). B 000MX cydyasix MHOTOKOMIIOHEHTHBIE 3((EKThI pacCMaTPUBAIOTCS KaK
pe3yJIbTaT 3JIEKTPOCTATUUECKOIO B3aUMOJICHCTBHS MEKY HOHAMM.

W3BecTHO, 4TO HA KaKbI HOH B AJIEKTPOJIUTE ACUCTBYIOT JABE CHIIBL: TPAIUEHT XUMUUYECKOTO
noTeHuyana (KOHIEHTPAlMi) U IPAJUEHT JIEKTPUYECKOro MOTEHLMajla, HajlaraéMoro M3BHE WM
B3aMMO/ICICTBYIONIEro 01aro1apsi HE3HAYUTEIILHOMY Pa3/ICICHUIO 3apsI0B B pe3yibTare nuddy3um.
Jlnst oqHOHaNpaBieHHOM AU y3un HOHOB HA TBEPAYIO IIOBEPXHOCTH MPH POCTE MACCHI OTIOKECHUN
MO’KHO 3alKcaTh YPaBHEHHE OTHOCHUTEIHHO IJIOTHOCTEM MOTOKOB KAaTHOHOB M aHHOHOB. OOBIUHO
MOTOK i MOHA | BhIpakaroTcs ypaBHeHueM HepHcra-Tlnanka

Jji=-DiF, (i=1,2,...,(n-1)), (8)

rie Di— koaddunment nuddy3uu noHa i, CBSI3aHHBINA C HOHHOM MPOBOJAUMOCTBIO Ai; F — mBYKYyIIast
CHJIa MacCOIIEpeHOCa.
Di = (RT/ )| zil, 9
F= VCi+[(zi Ci Fa)/RT] Vo, (10)
31echk Ci U Zj — KOHIIEHTpAIHS U 3apsijl MoHa; Fa — unciio @apanest; V ¢ — 3IeKTpUIECKHiA TOTSHIHA,
onpenenseMslil u3 ypasHeHus Ilyaccona-bonbsnmana.
n-1
VYpaBHeHue (8) IOMONHSAETCS YCIOBUEM DJIEKTPOHEUTPATHLHOCTH z ziV Ci = 0 u ycrnoBuem
j=1
n-1
HYJIEBOT'O JIEKTPUYECKOro ToKa |= Z zi Ji = 0. Ilpu MozenMpoOBaHHUH IpoIIecca MepeHoca HOHOB
j=1

JIBYX BELIECTB C MOMOIIbI0 ypaBHEHUH (8)-(10) MOXKHO MoKazaTh, 4TO KOI(PPUIMEHT B3aUMHON
maddysun pasen D = D1 D2 (212 C1+ 22° C2)[D1 222 C1+ D2 222 Co] L.

ITpu n=3 (1Ba pa3aMYHBIX KATUOHA U OJMH OOLIUI aHHOH) pe3yJIbTaT PelIeHUs ypaBHEHHH (§)-
(10) moyuaem B Buae j1 = - D11V Ci- D12V Cy; j2 = - D21V Ci- D22V Ca, tie Djj paccunTanst ¢
MOMOIIBI0 TIapaMeTpoB, BXoAAmmx B ypaBHeHHs (8)-(10), a mepekpecTHble KO3(POUIMEHTHI
mud¢y3un paBHBl HYJIIO, €CIM COONIOAAETCs PaBEHCTBO Kod(p(uUUMEeHTOB AU(PGY3UH HOHOB.
CnenoBarenbHO, B pacCMaTpUBAaEMBIX CIIydasX 3JIEKTPOCTaTUYECKOE B3aUMOACHCTBHE MEXIY
MOHAMH OTCYTCTBYET, a pa3Nyus B MOABHKHOCTH HOHOB IMPUBOJIUT K MEPEKPECTHBIM 3P deKTaM npu
nepeHoce cMmeceil noHoB. [logo6HbIe mpuMephI TpUBEIEHBI B [2, 4], T1Ie JaHBI pe3yabTaThl pacyeToOB
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3HAYCHHUH TJIABHBIX U MEPEeKpeCTHHIX NP y3noHHBIX KodhdummeHToB nogooHex cucreM: NaCl —
KC1 - H20, KCI — HCI — H20, NaCl — HCI — H20, C12H22011 - KCI — H20 1 no3anMcTBOBaHHBIC U3
JAPYTUX MCTOYHHKOB. AHAIIM3 JIAHHBIX MMOKA3aJ, YTO NepeKpecTHbIe dPPEKTHI IPH MOJICKYIISIPHON
muddy3uun  cMeceld  NEKTPOIUTOB  TPEOYIOT — HCIIONB30BaHHMS  MaTpHIbl  K03()PHUIIHMEHTOB
MaccornepeHoca NpU MOJCIMPOBaHWU BHelHeAn()y3nOHHOrO TMpolecca MaccolepeHoca B
MHOTOKOMIIOHEHTHBIX PacTBOPAaX JICKTPOIUTOB.

VYpaBHeHue (8) MOKHO MPUMEHSATH TIPU MOACITHUPOBAHUU TPOIIECCOB MACCOIEPEHOCa BHYTPH
MOPUCTHIX BBIICJICHUM, MIPEAIOarasi, YT0 Ha KHHETHKY BHYTPEHHETO MEePEHOCAa MOHOB OKa3bIBACT
BIMsIHME (U3MYecKoe (Yalie dJICKTPUYECKOe) TI0Jie, BO3HHMKAOIIEE BCICACTBUE pa3IMYHOU

MTOJIBFKHOCTH | 3apsiI0B HOHOB 101 ieiicTBueM P - akropa HectabmibHOCTH [4]. B cmiyuae oOMeHa

JIByX MOHOB ypaBHEHME IIPUBOJUT K HOHATHIO Kod(pduiuenTa B3auMHoi mqudpdysun D HOHOB B
MOPHUCTBIX MaTepHajax, HapuMep, B ¢pa3ze HOHUTA

D =D1 D2 (z1 ©1+ 22 ©2)[D1 21 ©1+ D2 22 92]_1, (11)

rae Di — kosddunuentsr auddys3un B haze noHuta; Oj— CTENEHD 3alI0THEHUS HOHUTA HOHOM I. DTO

YpaBHEHHME MO3BOJISET BBIABUTHL NIpUMecH, kKoraa O —0 semmunna D —Di, a Taoke ko3 puuuent
B3auMHOW au(py3ur paBeH HHIUBHIyaTbHOMY Kod3(dduumenty auddysum storo moHa B ¢asze
noHuTa. MojenupoBaHue Mpolecca IepeHoca HOHOB BHYTPH IOp TBEPAbIX BbLACICHUN NpU
MEePEeKpPUCTAUIN3AUMN  BOJMM3M TOBEpXHOCTEH pa3aena ¢a3, TIAe HapyllaeTcs ycJOBHE
JIEKTPOHEHTPAIIbHOCTH  MOATBEPAKIACTCS  MHMKPOCKOIMYECKMMHU  HCCIIEAOBAaHMSMHU  TBEPABIX
MHOTOKOMIIOHEHTHBIX 00pa3lioB ¥ MPOTHO3UPYETCS MPEATIOKEHHON METOTUKOM MIPU yYeTe BIHSHUS
3apsifia IBOMHOTO CJI0s Ha MHTerpalibHble Kodduunentsl nuddy3uu.

B [4] nmpoBeneHo Takike MOJCITUPOBAHUE MTPOIIEcca MEPEHOCa PACTBOPESHHBIX BEIIECTB BHYTPU
MOBEpXHOCTEH pazjerna (a3 Ha OCHOBAaHUM METO/Ia peIlieHUs] OOpaTHBIX 3aJa4, B KOTOPhIX 3HAYEHUS
KO3 PHUIIMEHTOB OMPEACISAIOTCS SKCIIEPUMEHTAIBLHO (CENEKTUBHO JUIS K&KIOT0 KOMIIOHEHTA CMECH),
IIOJyYEHHBIX B YCJOBHUSX, KOIJla Ipolecc oOpaTHOro ocMoca ONpeessieTcs MEepeHOCOM BHYTPHU
TBepaoi (as3el  BbigeneHud. Takoil moaxox ompexaeneHus KodpduuueHToB  auddyzun
a7icopOMpPOBAHHON JIBYXKOMIIOHEHTHOM CMECH, HalpHMep, OpPraHMYECKHUX BELIECTB M3 BOJHBIX
pacTBOpPOB Ha TMOPHUCTHIX COPOCHTAX HEOOXOAWM JJISi Pa3BUTHS MOJICIUPOBAHUS YIPABICHHS
CBOMCTBaMM KPUCTANTMYECKUX TBEP/BIX OTJIOKEHHH U3 MHOIOKOMIIOHEHTHBIX PaCTBOPOB, KaK OJIMH
U3 IPOBEPOYHBIX METOJIOB.

JIaHHBIN METOJT YUUTBIBAET TaK)Ke MUTPAIIMIO aTOMHBIX KiacTepoB B JleHHapa-/[>KOHCOBCKOM
CHCTEME, UTO MO3BOJISICT PE3yIbTAThI PEIICHUS BEIBOAUTH B BHJIE TPa(hUKOB: TapaMeTpbl CKOPOCTH U
TPAEKTOPUN MUTPALMU KaXKIOH YaCTUIbl TPUMECH MHOTOKOMIIOHEHTHOH cHcTeMBbl (CMecH) BOJIN3H
MOBEPXHOCTH TBEPAOTO Tena B NU(B(Y3HOHHONW 00JACTH MOTPAHUYHOTO CIIOS TPAHU PACTYIIETO
Kpuctaia. Takas MoJiesb MO3BOJISIET ONPEENATh HE TOJIBKO KOHLEHTPAIMH MUMIUTAHTUPOBAHHBIX
IpUMecei BO BCEX 30HaX B JIMHAMUKE U YYUTHIBATH BIMSHUE BHEITHUX (PU3NIECKUX BO3JACHCTBUI Ha
KBAaHTOBOMEXAaHUYECKHUE XapaKTEPUCTUKU CHUCTEMbl pacTBOp - TBEpIOE TEIO0 C Y4EeTOM
ko3 purmenToB camoaudhy3un 4aCTUI] MHOTOKOMIIOHEHTHON CHCTEMBI.

[IpoBeneH Takke pPEHTTCHOCHEKTPAIbHBIA aHamM3 Ui TPOBEPKU  TEOPETHUECKUX
WCCIICIOBAaHHUH TIPH PA3ITUYHBIX (PU3NIECKUX BO3ACUCTBUSIX MPHUIIOBEPXHOCTHBIX CJIOEB KPUCTAILUIOB
KapOoHaTa U cynb(ara KaJlbllUs ¢ MOHHOW MMIUTaHTAIlMEeN pa3nuyHbIX MUKporpuMeceil (nonsl Fe,
Na, K, Si, Sr, S, P, Ti, V, Mo, Zr, Nb, Ga, Be, As, La, Ba, Al u 1p.) na rimyouny ot 0,01 10 70 Mxm
IIPU UMITYJIBCHOM 00JydeHUH 00pa3loB yAbTPa3ByKoM 4acToToil 22 kI I, HHTEHCUBHOCTBIO OT 1 110
20 kBT/M?, BO3/IeiCTBIN CHITLHOTO 3IEKTPHIECKOTO MO HAMPSKEHHOCTHIO okomo 10° - 10”7 B/em ¢
YYETOM JABOMHBIX DJIEKTPUUYECKUX CIIOEB M JIP., HO3BOJSIOIUMHI MEHATh KO3PPuueHTs! 1uddy3uu
B IIMPOKHX TIPEIeax.
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4. BeiBoabI

B 0030pe npuBeAeHO CUCTEMAaTHYECKOE M3JI0KEHHE MPUHIIUIIOB U METOJIOB TEOPETHUYECKOTO
OIMCaHUs MPOIECCOB MACCONEPEHOCAa B MHOTOKOMIIOHEHTHBIX JKUJAKOCTHBIX PACTBOPax M ra30BBIX
CMECSIX, OCHOBaHHBIX Ha TEOPETUUYECKOM ONMCAHMM KMHETUYECKHX IPOLECCOB B HEPABHOBECHBIX
cuctemax Omnzarepa [1]. OcHOBOM aHa/M3a €CTh ONMMCAHWE METOJOB MEPEX0Ja OT KUHETUUYECKUX
kodQdunrenToB OH3arepa 1 COOTBETCTBYIOIIUX ABIKYIIHX CHJI K OTIMCAHHUIO HA OCHOBE YPAaBHEHHI
muddy3un, chHopMyIupOBaHHBIX B TEPMUHOIOTHU d(PPeKkTUBHBIX K0dPduimenToB nuddy3un u
I'PaJUEHTOB KOHLIEHTPALUKA B MOJIECIbHBIX HEOJHOPOJHBIX cucTeMax. MoJenupoBaHue MpPOLECCOB
MaccorepeHoca MpoBeIeHO B MHOTOKOMIIOHEHTHBIX CHUCTEMaX, B TOM YHCJE C AJIEKTPOJIUTAMH, B
IIPUIIOBEPXHOCTHBIX ciosAx paszpena JKP-TT, B cucremax ¢ TBEpABIMHU BBIACICHUSIMH U BHYTPH
MOPUCTHIX BblAeeHU. OmnucaHbl 3KCIEPUMEHTAIbHBIE METOAbl U METOJUKU IOATBEPIKICHUS
TEOPETUUYECKUX MOJIETIEH YKa3aHHBIX [IPOLIECCOB.
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ABOUT DIFFUSION PARAMETERS IN MULTICOMPONENT LIQUID SOLUTION -
SOLID STATE SYSTEM

Summary The review provides an exposition the principles and methods of theoretical
description mass transfer processes in multicomponent liquid solutions and gas mixtures, based on
the theoretical description of kinetic processes in nonequilibrium Onsager systems [1].
Generalizations of the theoretical description of mass transfer processes at the interface "liquid
solution - solid” (LS - S), proposed by L. Onsager for the consideration of interrelated irreversible
processes in anisotropic media, are presented.

The review is a description of the physical bases a theoretical analysis of mass transfer at the
interface of the "liquid solution - solid” (LS - S) in the case of considering multicomponent liquid and
solid solutions, the presence in the model systems as the conventional solutions and electrolytes
consideration of mass transfer in porous systems based on the generalization of Onsager's theory. In
the analysis, we used the methods of transition from the kinetic Onsager coefficients and the
corresponding driving forces to a description based on the diffusion equations formulated in the
terminology of effective diffusion coefficients and concentration gradients in model inhomogeneous
systems.

Modeling of mass transfer processes was carried out in multicomponent systems, including
those with electrolytes, in the near-surface layers of the LS-S interface, in systems with solid
precipitates and within porous precipitates. Experimental methods and techniques for confirming
theoretical models of these processes are described.

Keywords: diffusion, interface, multicomponent liquid solution, mass transferring, theory of
thermoelectric phenomenas of Thomson, theory of Gelmgolts, thermodynamics of the irreversible
processes.
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BILIUB SMAT OBPOBKH ITOBEPXHI CTAJII HA ITPOIIEC KAPBOHI3AIIII®

Y pobomi docniosceno éniug nonepeonvoi xon00Hoi depopmayii nosepxui cmani 3a SMAT
MexXHON02IEI (NOBEPXHEBOI0 MEXAHIUHOI0 00pOOKOI0 mepmam) HA NoOANbUWULL npoyec meepooi
Kkapoonizayii 3paskie cmani mapxu 40X. Memooamu penmeeHigcoko2o Oougpaxyiiinoco awanizy
oocnidoceno enaue SMAT 0O6pobku Ha 3MiHy meKcmypu CMAaibHUX 3paskie. AHaniz yuiupeuHs
oughpaxyitinux ninitl 6KA3Y€ He auule Ha sUHUKHerHs mikponanpye y npoyeci SMAT o0bpobku, a i na
30L1bUWEHHA KOHYeHmpayii 8y2neyio y No8epXHesUx NPOuapKax CMAaIbHUX 3pasKie nicis nociioyyoi
meepooi kapbouizayii. Bcmanosneno ocobnusocmi ghazoymeopents y-ghazu 3aniza y yux 3paskax.
Busnaueno 3miny 3anescnocmi mikpomeepoocmi y nogepxregomy npouapky 6io wacy SMAT 06pobku
ma nocuioyr4oi kapooHizayii 3pazxie cmali.

Kiro4oBi cioBa: HaHOCTPYKTypOBaHI MaTepianM, IHTEHCHBHa IIIacTUYHA Jaedopmariis,
MOBEpXHEBa MexaHidyHa o00poOka teprasm (SMAT), kapOonizamisi cranmi, MIKPOTBEPIICTb,
PEHTIeHOCTPYKTYPHUH aHai3.

1. Beryn

Hespakatoun Ha 3HaAuHI yCHIXWM B Taly31 TEXHOJIOT1M 3MIIIHEHHS, 3aBJIaHHS MOKpPALIECHHS
MEXaHIYHHUX BJIACTUBOCTEH MOBEPXHEBUX IPOIIAPKIB JIETOBAaHUX CTalei, 10 YTBOPIOIOTHCS MicCIs
TEPMOXIMIYHOT 0OpOOKHU, 3aTUIIAETHCS BAXJIMBUM. 3MIITHEHHS MOBEPXHEBUX IMPOIIAPKIB YaCTO €

3 ABTOpH BHCIOBIIOIOTH MOAsAKy aupekropy OOO "BECTE TUIIOC" Camemoxy Ceprito BikToposmuy 3a
3MICTOBHI AMCKYCIl Ta IOIOMOTY Y BUKOHAHHI €KCIIEPUMEHTAILHOT YaCTUHHM JTOCITIJDKEHHS.
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JOCTAaTHIM ISl BUPIIICHHS HU3KM CKCIUTyaTallliHUX XapaKTEPUCTHUK BUPOOIB 31 crani. OmHuM 3
MEPCHEKTUBHHUX CIIOCOOIB MiABUILEHHS MIITHOCTI Ta IUTACTUYHUX XapaKTEPUCTUK TAKHX MaTepiajiB €
Moaudikamis iX CTPYKTYpH METOJaMH IHTCHCHMBHOI IUIACTHMYHOI Jedopmariii  MOBEpXHi
SMAT (Surface Mechanical Attrition Treatment) [1-5]. 3nauHe moapiOHEHHS BUXITHOT CTPYKTYpH
3€pEeH 1 OTPUMaHHS CYOMIKPOKPUCTATIYHHMX 1 HAHOKPUCTATIYHUX CTPYKTYPHHUX CTaHIB 3a MOAIOHOTO
poIly BIUIMBIB J03BOJSiE chOpMYyBaTH BHCOKOMIITHI TTOBEPXHEBI MPOIIAPKHA 03 3MiHM XIMIYHOTO
CKJIaay 3aroToBku [6, 7]. Jlo TemepimHpOro 4yacy y po0oTax BITUYM3HSHHX 1 3apyOKHUX aBTOPIB
IMOKa3aHa MOKJIMBICTh IIJIBUIIICHHS MEXaHIYHMX BiIacTUBOCTEeH mactTuaHux MetaiiB (Cu, Ni, Al, Ti
Ta iH.) [1-3] 3a paxyHOK (GOpMYBaHHS y HMX HaHO- Ta CYOMIKpDOHHUX KPHUCTAIIYHHX CTPYKTYP.
JIOCATHYTO CYTTEBOTO MPOTPECy y PO3yMiHHI (DI3UYHUX MPOIIECIB, IO MPOTIKAIOTh 32 IHTCHCUBHOI
IIaCTUYHOI feopmaltii MeTaiB 1 CIUIaBiB Ha iX OCHOBI, B TOMY YHCJII 1 cTaJIel pi3HKUX KiaciB [8, 9].

Ha nmanuii wac po3poOieHO pi3HOMaHITHI MIAXOAW JO TOSCHEHHS BIUIMBY MOMEPEIHBOI
macTu4Hoi aedopmariii Ha mporec GopMyBaHHS TU(PY31IHMHUX MPOIMIAPKIB Y METAJIEBUX CIUIaBaX.
30Kkpema, 3TiTHO 3 OJHIEI0 TOYKOIO 30pY MOMEpeaHs IUIacTHYHa AeopMallis YCKIaIHIoe Tudy3iro
aTomiB BripoBapkeHHs [10]. B oCHOBI 11i€1 MOI€II JICKHUTH TEOPIS MPO TE, 110 ATOMH BIIPOBAKCHHS
aAKTUBHO B3a€MOJIIIOTH 3 IUCIIOKAIisAMU. J[uCiIoKallii BUCTYIIAIOTh B POJII «IACTOKY, 10 aJICOPOYIOTH
Ta MPUTATYIOTH aTOMU po3unHeHuX eneMeHTiB [11]. Takox € HaykoBi pobotu [12-14], pe3ynbTaTi
SKUX CBIT4aTh MPO Te, IO TOIMEPEeaHs IlacThyHa Jaedopmarlis i yTBOpEHi MpH MbOMY Je(eKTH
CTPYKTYpH CHPHUSAIOTH OUTHIII aKTUBHIN JU(Yy3il BOPOBaI)KYyBaHUX KOMIIOHEHTIB.

VY 3B'3Ky 3 IIMM METOI0 JaHOi poOOTH € JOCHTIUKCHHS BIUIMBY MONEPEIHBOI XOJOTHOI
nedopmariii 3a rexnonoriero SMAT 06po6ku Ha mpotiec nmociniayrodoi kapoonizaii cram 40X. [nsa
pOro OyJI0 MOCTABJICHO HACTYMHI Iimi: nociiauti BumB SMAT 00poOku Ha CTPYKTYpHUH CTaH
MOBEPXHEBUX MPOILIAPKIB CTaji METOJAAMHU PEHTTEHOCTPYKTYPHOTO aHalli3y, BU3HAYUTH BILIUB
SMAT o00poOku mOBEpXHI Ha TMpoIEeC TBEPAOi KapOOHi3amii CTajmi NIIIXOM BUMIPIOBAHHS
MIKPOTBEPI0CTI MOBEPXOHBL 0OPOOIECHUX 3pa3KiB.

2. Mertoau i maTepiajan

Jlocmiay mpoBOIMIIMCS Ha IMUIIHAPUYHUX 3pas3kax 31 cranmi mapku 40X (miamerp Ta BHCOTa
20%20 mm). JlaHi 3pa3ku HOMEPEHbO NOJTIPYBaIN HAXKAAYHUM NAepoM 3 po3MipoM 3epHa 3-5 MKM
(P2500). ITorim mpoBoamiacst xosiogna jaedopmaris 3a SMAT TexXHOIOTiIE0 3 BUKOPHCTAHHSIM
opuriHanpHoro mpunany [15]. [ns mpouecy xomomuoi aedopmariii 3a SMAT TtexHomoriero
3aCTOCOBYBaJIM KyJbKM 3 Hepskaitouoi crami (100 mr.), miamerpom 0,8 M. XiMmiKO-TepMIYHY
00pobky (XTO) 3paskiB 3aiHCHIOBAIM Yy TBEpIOMY KapOoHi3aTopi BHpOAOBXK 12 roauH 3a
temneparypu 930 °C.

PentreHocTpykTypHuii  aHami3  mpoBoauBca — Ha  audpakromerpi  JIPOH-3 vy
MoHOxpomaTu3oBaHoMy FeKa-BunpominioBanHi. EnemeHTHuH ckiaj 3pa3kiB BHU3HAuaBCs Ha
PEHTIeHO(IIIOOPECLIEHTHOMY CIIEKTpoMeTpi. Pe3yabpTaTtu BUMIipiB MpuBeAECHO B TabIuIi 1.

Tabmums 1
EnemenTtHuil cknan 3paskis
Table 1
Elemental composition of samples
Enement Konrnentparis, mac. %
Si 0.002
Cr 0.856
Mn 1.451
Fe 97.433
Ni 0.254

MiKkpoTBepaiCTh 3pa3KiB BU3HAyaiu Ha MikporBepaomipi [IMT-3 meronom BHUMIprOBaHHS
tBepaocti 3a Bikepcom (ACTY 1SO 6507-1) 3 BuKoprcTaHHSM HaBaHTaXeHHs rpy3ukom 100 rp.
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Jlist mpoBeIeHHS TOCITIKEHb OYJ10 BUTOTOBJICHO 4 3pa3ku, NpuBeAcHUX B Ta0mui 2.

Tabmuus 2
XapaKTepUCTUKN BUCOKOUACTOTHOI 00poOKH 32 SMAT TexHOIIOTi€E0
Table 2
Characteristics of high-frequency processing by SMAT technology
No 3pazka Yacrora, KI'y | Po3mip Kynbok, KinbkicTh KynIbOK, Yac 06pobOku,
MM IIT XB
3pazoxk 1 20 0,8 100 -
3pazok 2 20 0,8 100 5
3pazok 3 20 0,8 100 10
3pazok 4 20 0,8 100 30

3. PesyabtaTm i 00roBopeHHs

Otpumani 3a gonomororw penrrenogudpakromerpa JPOH-3 mudpakrorpamu 3paskiB Oynu
JOCIIJDKEHI METOJIOM PEHTICHOCTPYKTYPHOTO aHaJi3y NUISXOM TMOPIBHSHHS 3 €TAJIOHHUMU
T pakTOorpaMaMy BiIIAJICHOTO TIOPOIIKY 3aii3a (quB. Puc. 1a).

ITicns Binnany 3paskis

2 [Ticna SMAT 06poGku 3paskis 1 3pasok 1 (0 xB)
3 Buxizauii 3pazok a-Fe(110)  a-Fe(200)  o-Fe(211)2 3pasok 2 (5 xB)
3 3pasok 3 (10 xB)
A ‘ 4 3pasok 4 (30 xB)
e A 1 ;
z l S
= 1 wJl J }L._ e a-Fe(220)
2 :
8 = 2
.4 2
g |2 _._JL N =
8 Cl-FC(l 10) G-Fe(zl l) Fe(220 = 3
= p a-Fe(200) , akel220) 2 hope()
M p P 3 Y yFe(200)  y-Fe(220)  y-Fe(11)
I - | A L WS VY, S
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Kyt nudpakuii (26) Kyt mudpaxuii (20)
a 0
Puc. 1 Iudpakrorpamu Bif JOCHTIIPKEHUX 3pa3KiB craii: (a) 1o kapOoHizariii; (0) mics
KapOoHi3arii.

Fig. 1 Diffractograms from the studied steel samples: (a) before carbonization; (b) after
carbonization.

Amnaniz gudpakrorpam cram go Ta micas SMAT o0poOku mnoBepXHI IOKasaB, IO
nepopMOBaHUM MPOIIAPOK MICTUTh XapakTepHy akciaibHy TekcTypy (110). Ilpo me cBimuuTh
CIIBBIAHOIIIEHHS BUCOTH BiAnoBiaHuX mikiB (Puc. 1a) Ha nudpakTorpamax. byino BcTaHOBIEHO, 10
nBoroauHHMK Bimman (3a Temmeparypu 1000 °C) obpobmenoro 3a SMAT TexHomoOri€r0 3pa3ka
BIJTHOBJIIO€ BUXiIHY cTpYKTYypYy (Puc. la ninis 1).

B pesynbraTi ananizy nudpakrorpam Bia cranbHHUX 3pa3kiB (Puc.10) Oyrno BCTaHOBIEHO, 1110
nicig 30 xB8 SMAT 06poOku 1moBepxHi 3pa3KiB Ta HACTYIHOI iX KapOOHi3allil 3’ ABISE€THCS CUCTEMA
mikiB y-a3u 3amiza (Puc. 10 mninis 4).

46



Cepist «Diznko-maremaTiyHi Haykn», 2020

Fe(eranon)

[Ticns Bianmany 3paszkis

Ticis SMAT 06po0ku 3paskis
Buxianauii 3pazok

1 3paszok 1 (0 xB)
2 3pasox 2 (5 xB)

] 3 3pasox 3 (10 xB)
i Mpamx 4 (30 xB)
1

BignocHa IHTEHCHBHICTB
ro
BigHocHa iHTEHCHBHICTE
(3]

140 142 144 146 _148 150 152 140 142 144 146 148 150 152
Kyr nndpakuii (20) Kyt audpakii (26)
a 0
Puc. 2 luppakrorpamu CTalbHUX 3pa3KiB 3a KyTiB audpakiii 140°-152°: (a) no kapOownisartii; (0)
micis kKapOoHizarii.
Fig. 2 Diffractograms of steel samples at diffraction angles 140°-152°: (a) before
carbonization; (b) after carbonization.

[TopiBHsHHS AudpaKTOrpaM CTAILHUX 3pa3KiB 3 eTaloHoM Fe y nmiana3oHi KyTiB audpaxmii
140°-152° nmokazaB, mjo SMAT 00poOka moBepxHi cTaji MPU3BOAWTH A0 YIIMPEHHsS MIKiB, SKe
CIpUYUHEHE BUHUKHEHHSIM MiKpoHanpyr. [Toxanpmii TepMidHIIA BiATAT TPUBOIUTH 10 3MCHIIICHHS
MikpoHanpyr (Puc 2a) mpo mo cBiguuth nyOnetHicts miky (miHis 2 Puc. 2a). Tomy moxHa
NPUITYCTUTH, IO TICHsA Tpolecy KapOoHi3amii  ymIMpEeHHs WiKiB MoXKe OyTH CHpUYHHEHE
301bIICHHAM KOHIEeHTpalii Byrierto (Puc 26) y marpuiii 3amisa.

Ta0muus 3
MiKpOTBEpAICTh CTAILHUX 3pa3KiB Micisl KapOoHizalil
Table 3
Microhardness of steel samples after carbonization
3pazok 1 | 3pasoxk 2 | 3pasox 3 | 3pasox 4
Biacrans Big MiKpOTBEpIICTS, KI/MM?
MOBEPXHI, MKM
100 324 639 304 442
300 262 463 201 337
500 250 435 164 282
700 221 289 156 224
900 197 256 156 189
1100 186 219 156 186
1300 182 189 156 175
1500 182 210 156 168
1700 177 210 156 162
1900 175 199 156 168
2100 175 206 156 165
2300 172 200 156 162
2500 172 197 156 168
2700 168 195 156 162
2900 165 201 156 162
3100 162 168 156 162
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Puc 3. 3anexHicTh 3HAUCHHS] MIKpOTBEPIOCTI BiJl BIICTaHI Bijl ITOBEPXHI 3pa3KiB.
Fig. 3. The dependence of the microhardness value on the distance from the surface of the
samples.

3 pucynka 3 BuaHo, mo SMAT o0poOka moBepxHi CTalbHUX 3Pa3KiB MPU3BOAUTH 10 3MIHU
MIKpPOTBEPIOCTI MOBEPXHEBUX MPOIIAPKIB 3pa3KiB Micis mporecy ix kapOonizarii. A came, micius 5
xBuwIMHHOT SMAT 00poOku Ta mociuiayrouoi KapOoHi3alii 3HAYeHHs MIKPOTBEPAOCTI MAalOTh
HaOUTbIi 3Ha4YeHHs. [licnms JECSITHXBUIMHHOI OOpOOKM 3HAYECHHS MIKPOTBEPIOCTI CTPIMKO
3HIDKYIOThCS (3pa3ok 3 Puc. 3). B 3pa3kax 3 yacom SMAT 06po6xu 30 XB. 3Ha4eHHS MIKPOTBEPAOCTI
micnss TBepaoi kapOoHizamii Ha BiAcTaHsx A0 700 MKM 3poCTarOTh, a Ha OUIBIIMX BIJACTAHIX
30iraroThCs 31 3HAUCHHSAMU MIKPOTBEPAOCTI HEOOpoOIeHoro 3pazka. Ockibku audys3is BYIIEHIO €
CTPYKTYpHO 3aJI€)KHUM IPOIECOM, TakKi pe3yJbTaTH MOXYTb OYTH IOB’si3aHI 3 YTBOPEHHSIM
HaHOCTPYKTYp [9] B mpoueci SMAT 00poOku moBepxHi 3pa3kiB. BusBieHi HeoIHOpIAHOCTI B
(YHKIIOHATIBHUX 3QJIEKHOCTAX 3HAY€Hb MIKPOTBEPAOCTI Bl BIJACTaHI BiJ MOBEPXHI MOXYTh OyTH
3B’s13aH1 3 OCOOJIMBOCTSAMU YTBOPEHHSI Ta JAWHAMIKHM JUCIOKAIiHHOI cTpyKTypu. Tomy, oTpumaHi
pe3yabTaTH NOTPeOYIOTh OUTBIII IETATFHOTO TEOPETUIHOTO Ta MOJEIHHOTO TOCIIKEHHS.

4. BucHOBKH

B crarTi onucaHo TeXHOJIOTiI0 MOAM(DIKYBaHHS MOBEPXHEBUX MpolIapkiB cTani Mapku 40X 3
BUKOPHUCTAHHSM PO3pOOJIEHOT0 MPUCTPOIO /I BUCOKOYACTOTHOI OBEPXHEBOI MEXaHIYHOI 00pOOKHU
TepTsaM (SMAT 06poOkn) 3pa3kiB cTaii Ta X MOCHIi Y040l TBep10i KapOoHi3arlii.

BrnuB SMAT 00po6ky mOBEpXHEBUX MPOIIAPKIB CTaJll HAa IPOLEC MOCTIAYyI040i KapOoHi3alil
CTaJl JOCHIPKEHO 3a JOMOMOTOI0 PEHTIeHIBChKOro audpaxiiiinoro anamizy. IlpoBenenuii anami3
MOKa3aB, 110 YIIMpeHHS nudpakuiiHuX JiHINA Bix 3pas3kiB, mo orpumani miciasi SMAT oOpoOku,
3B’S13aHO 31 3MEHIICHHSAM PO3MIpIiB 3€peH Ta BUHHUKHEHHAM MikpoHanpyr. OfHaK, Ha BIAMIHY BiJ
3pa3kiB 00poOmenux 3a SMAT TexHomnoriero, y KapOOHI30BaHMX 3pa3Kax YIIMPEHHS IIiKiB
CIIpUYMHEHE TaKOX 30UTbIIECHHAM BMICTy Byriiento. OTpruMaHi pe3yabTaTu peHTTeHOCTPYKTYPHOTO
aHaJli3y JO3BOJIAIOTH 3pOOUTH TaKl BUCHOBKU: Micist 00poOku 3a SMAT TexXHOJIOTi€I YyTBOPIOETHCS
TEeKCTypOBaHa MOBEpXHs ctaii 3 opieHTamiero miomuH (110) ta (220). Ilicns tpusanoi (30 xB.)
SMAT 06po0ku y nporieci kapOoHi3alii BUHUKalOTh Audpakiiiiai miku Big y-Fe da3u.

BcranoBieno, mo mnoBepxHeBa SMAT o00poOka crami NpPUBOIUTH, TAKOX, IO 3MIHU
MIKPOTBEPOCTI Ta IITUOMHU MPOHUKEHHS BYIJIELIO Y Mpolieci TBepaoi kapOoHizalii. B 06pobiennx
3a SMAT TexHoJori€r0 3pa3kax MIKpOTBEPIICTh 30UIBIIYETHCS MIiCHIs HETpUBaIoi 00poOKu (5 XB).
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Hecstuxsunuana SMAT 00poOka mTpU3BOAUTH A0 3MEHIICHHS TOKa3iB MIKPOTBEPAOCTI Yy
noBepxHeBOMY Tpomiapky. Tpusana (30 XB) 0OpoOKa CHPHYMHIOE 3pOCTAHHS MIKPOTBEPIOCTI Y
OJIM3BKUX 110 TOBEpxHI mpomapkax (o 700 MkM) 3pa3ka, Ha OUIBIIMX BIJICTAHSX BiJ MOBEPXHI
3HA4YEeHHSI MIKpPOTBEPAOCTI NOBTOPIOIOTH 3HaUeHHs HeoOpoOienoro 3a SMAT TexHoOTi€I0 3pa3Ka,
10 MOTPeOye MOATBIIOTO 1 OUTBII ASTAIBHOTO JOCIIIKSHHS.
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INFLUENCE OF SMAT PROCESSING STEEL SURFACE ON THE
CARBONIZATION PROCESS

Summary This article is about the influence of preliminary cold deformation of steel surface
by SMAT (surface mechanical attrition treatment) technology to explore the process of solid
carbonization of 40X steel samples. The influence of SMAT processing on the change of texture of
steel samples was investigated by the methods of X - ray crystallography. The analysis of the
broadening the diffraction lines indicates not just the creating of microstress during SMAT
processing, but also an increase in the concentration of carbon in the surface layers of steel samples
after solid carbonization. Peculiarities of iron y-phase phaseformation in these samples have been
established. The change in the dependence of the microhardness in the surface layer on the time of
SMAT processing and subsequent carbonization of steel samples is determined.

The influence SMAT treatment of surface steel layers on the subsequent carbonization of steel
process was investigated by X-ray diffraction analysis. The analysis showed that the broadening of
the diffraction lines from the samples obtained after SMAT treatment is associated with a decrease
in grain size and the emergence of microvoltages. However, in contrast to samples processed by
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SMAT technology, in carbonized samples the broadening of the peaks is also caused by an increase
in carbon content. The obtained results of X-ray diffraction analysis allow us to draw the following
conclusions: after processing by SMAT technology, a textured steel surface with the orientation of
the planes (110) and (220) is formed. After a long (30 min.) SMAT treatment in the carbonization
process there are diffraction peaks from the y-Fe phase.

It established that the surface SMAT treatment of steel also leads to changes in the
microhardness and depth penetration of carbon in the process of solid carbonization. In SMAT-
treated samples, the microhardness increases after a short treatment (5 min). Ten-minute SMAT
treatment reduces the microhardness readings in the surface layer. Prolonged (30 min) treatment
causes an increase in microhardness in near-surface layers (up to 700 um) of the sample, at greater
distances from the surface the microhardness values repeat the values of untreated SMAT sample,
which requires further and more detailed study.

Keywords: nanostructured materials; intensive plastic deformation; surface mechanical
attrition treatment (SMAT); carbonization of steel; microhardness; X-ray crystallography.
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T'APOTEPMIYHWI METO/ CUHTE3Y HAHOHOSICKIB OKCHUJIY BAHAJIIIO
V205 [P IHTEHCUBHOMY NEPEMIIITY BAHHI*

Y pobomi oocniosxceno npoyec cunmesy HAHONOACIE NEHMOKCUOY 8AHAOII0 2IOPOMEPMIUHUM
MEMoOOM 3 GUKOPUCMAHHAM IHMEHCUBHO20 nepemiulyganns cycnensii nopowrxy V205 y eoonomy
pozuuni NaCl. Bcmanosneno mexnonio2iuny MOJNCIUGICMb 3ACMOCYBAHHA MemoOy NPU BUKOPUCIAH]
BUXIOH020 KOMEPYIiHO20 NOopowlky 3 posmipamu uacmunox 10-100 mxm. Ilokasano, wo smina
800H€6020 nokasHuka posuuny pH y npoyeci cummesy moodice Oymu 6uKopucmana y AKOCMI
IHOUKamMUu8HOI XapaxmepucmuKkyu RPOmMikaHHs npoyecy npu npoMUCio80My 8UPOOHUYMEI.

KuarouoBi cioBa: HaHOCTPYKTYpH, HAHOIOSICKM, OKCHUAM METaJiB, IEHTOKCHJ BaHaJIlo,
T1IpOTEePMIYHUNA CHHTE3.

1. Beryn

HamiBmpoBigHi  OKCHAM € OJHUMH 3  OCHOBHMX  €JIE€MEHTIB  JUI1  CTBOPEHHS
OaraToyHKIIOHAJIbHUX  MaTepianiB, MNpUCTpoiB Ta cucreM. CHHTE3 HaHOCTPYKTYp 13
(YHKI[IOHAJIbHUX OKCHJIIB 3 KOHTPOJBOBAHOK CTPYKTYPOIO Ta MOP(OJIOTIEID € KPUTUYHUM IS
HAyKOBUX Ta TE€XHOJOTIYHUX 3aCTOCYBaHb. BUKOPUCTOBYIOUM HOBI METOJIM, BITHOCHO HEI0JIaBHO,
OyJl0 CHHTE30BaHO HAHOIOSACKH, HAHOJIPOTH, HAHOAWCKU, HAHOBOJIOKHA Tomio [1-5]. 3aBasku
BUCOKIH MUTOMIM MJIOMII MOBEPXHI HAHOCTPYKTYPHUX KOHCTPYKIIiil Ha IX OCHOBI OyJM BUTOTOBJIEHI
HAaHOPO3MIpHI MPHUCTPOi, Taki SIK IMOJIbOBI TPAH3UCTOPU Ta JATYUKU Tra3y, SIKI JAEMOHCTPYIOTh
Habarato Kpaul MOKa3HUKM HIXK 1X aHanmoru [4]. HaHoCTpyKkTypH 3 XapakTepHUM LWIIHIPUYHO

# CTaTTIO HANKMCAaHO 3TiHO 3 IePKOI0KeTHUMH TeMaMu «CHHTYJIApHi PO3B A3KH PiBHAHL MATEMaTHUHOT (i3UKH B
aHI30TPOITHUX 1 HEOJHOPITHIX CEPEIOBHIIAX, MOICNIOBaHHS nporieciB qudy3ii Ta abcopbmii» (Ne mepsxkaBHOT peecTparii
0119U100421) i “MynbTiMaciuTabHe MOJETIOBaHHI KOHKYPEHTHOI HyKJIeaii, pocTy i KoajiecleHIil (a3 B i30TepMiuHIX
ta CBC-peakuisx” (Ne nepxaBHoi peectpauii 0118U003861). ABropu BHCIIOBIIOIOTE NOAsKy ['ycaky AHzpito
MuxaiiioBUYy 3a i7Ief0 eKCIIEPUMEHTY Ta 0OrOBOPEHHS Pe3yJIbTAaTIB.
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CUMETPUYHHUM TIePepi3oM MOKHA PO3IUIMTH HA JBI OCHOBHI TPYINH: MOPOKHUCTI HAHOTPYOKH Ta
CylinbHI HaHOTpyOKu. IIpoTe € BigMIHHAa Bi IHIIMX TpyHa HAMIBOPOBIIHUX OKCHUIHHUX
HaHOCTPYKTYp, SIKI MalOTh MPSMOKYTHUHU Iepepi3 BIAMOBIAHO 10 Mopdosorii moaioHoi 10 mosicka
abo cTpiukH.

VY po6ori [2] onucaHo ePpEeKTUBHUHN TAPOTEPMIYHUN METO]] BUTOTOBJICHHS MOHOKPHCTAIIYHUX
HAHOCTPIYOK, 10 MOXKe OYTH 3aCTOCOBAHMM Uil KOHTPOJIHOBAHOTO CHHTE3Y HaHoMarepiaiiB. Llei
METO/JI Ma€ psij epeBar Mpu CTBOPEHHI HAHOCTPYKTYP 3a JOTIOMOTOI0 3MiHU JUHAMIKHU Peakiii, Ky
BXKO OTPUMATH 3 BHKOPUCTAHHSIM TBEPAOTIIBHUX METOMAIB. MIKPOCTPYKTypa, po3Mip,
JTUCTIEPCHICTH Ta MOPQOJIOTiSt MOKYTh OYTH CHJIBHO 3MIHCHI TAKUMH YHHHHKAMHU K TEMIIepaTypa,
BOJHEBUI ToOKa3HUK pH, Tuck. 3BMYaifHO iCHYe BeJIMKa KUIBKICTh aJbTEPHATHBHUX CIIOCOOIB
BUTOTOBJICHHSI HAHOCPYKTYp, ajieé CIiJ 3a3HAYUTH, L0 BOHU MOTPEOYIOTh OUIBII CKIJIATHUX
TEXHOJIOTIYHUX YMOB CHHTE3Y (BHCOKHMH THCK Ta TEMIEpaTypa, BUCOKOTEXHOJIOTIYHE 001 HAHHS).
OcTaHHi JOCHIIPKEHHS B JAaHOMY HANpPSIMKY, MOKAa3yIOTh, 1[0 IHTEHCUBHUN MEXaHIYHHI BIUB Ha
CHCTEMY MOX€ CYTTEBO 3MIHUTH JWHAMIKy pEakUid 1 CTBOPIOE HOBI MOMJIHMBOCTI JUIs
T1IPOTEPMIYHOTO CUHTE3y HAHOCTPYKTYP.

Oco01BO I[IKaBUMH € HAHOCTPYKTYPH HAa OCHOBI MEHTOKCUY BaHalito V205, OCKiIIbKA BOHU
MOXKYTh OYTH 3aCTOCOBaHI JJIsi HAKONMMYEHHS €NeKTpoxiMmiuHoi eHeprii [5]. Bukopucranus ix B
AKOCTI KaToja y BTOPMHHUX OaTapesx 3a0e3medye JIETKMH pyX 10HIB 1 MOXKIMBICTH OKHCHO-
BIIHOBHUX peaKIiil uig 3a0e3nedeHHs BUCOKOI MUTOMOI €MHOCTI. KpiM TOoro, BUKOpHCTaHHS
HAHOIIOSCKIB HAJa€ BEIIMKY MEXaHIYHY THYYKICTh €JICKTpoay Oarapei. OqHak BHHHKAE TpodiieMa
MOB’s13aHa 3 TEXHOJIOTIEI0 BEIMKOMACIITAOHOTO BUPOOHMIITBA [IUX HAHOCTPYKTYP, A€ MOKHA OYI0
3a0e3neunTH 30epeKeHHs IX BUCOKOI OTHOPITHOCTI 32 PO3MIpOM, MOP(OIIOTI€IO 1 XIMIYHUM CKIIaIOM.

Bce mie icHye TeXHOJOTIYHMI PO3PUB MK aKaJeMIYHUMHU JOCTIIKEHHSMHU 1 BUPOOHUUHMHU
mporecaMu, Tak K po3poOieHuid B jgabopaTopii mporec Maike 3aBKIM BKIIOYAE MPOLEAYPH 3
BUKOPUCTAHHSM JIOAATKOBHX CTafiil HarpiBaHHs, MEPETBOPEHHsSI OJHIE] CHOIYKH B IHIIY,
BUKOPUCTaHHS BHCOKOTO THCKY ToI0. CTBOpEHHS BUCOKOS(EKTUBHUX JITIH-IOHHUX aKyMYJISATOPIB
3 BEJIUKOIO IIBUIKICTIO 3aPSIIKK Ta PO3PSAKY € BAXKIIMBUM JIJISl TOPTATUBHUX €JIEKTPOHHUX MPUCTPOIB
Ta EIEKTPOMOOLIPHUX MPHUCTPOIB, OCKUIBKH II€ 3HAYHO YIAOCKOHAIHTH TEXHOJIOTiI0 30epiraHHs
eHeprii HOBOT'O MOKOJIHHSI.

JlocnimkeHHsT Ta BUBYEHHS HAHOCTPYKTYp Ha CHhOTOJHI € aKTyaJlbHUM OCKUIbKM poOoTa y
JAHOMY HAMNpPSIMKY BiJKPUBA€ IIUPOKHUI CIEKTP TEXHOJOTIYHHUX MOMIJIMBOCTEH B €NEKTPOHIIl Ta
0co0JIMBO y Hakonmu4eHH1 eHeprii. OaHak po3poOka METOJIB BUTOTOBJIEHHS HAHOCTPYKTYp, SK1
MOKHA aJIanTyBaTH Ui BEIMKOMACIITAOHOrO BUPOOHMIITBA 3 HU3BKOIO BapTICTIO 1 K Oynu O
€KOJIOTIYHO YUCTUMHU SIK 1 paHiIlIe 3aJIUIIAETHCS CEPUO3HOI0 MPoOIeMOor0. Y aHiid poOO0Ti MPOBEIEHO
JNOCTIDKEHHST TIAPOTEPMIYHOTO METOAYy CHHTE3y HAHOMOSCIB TMEHTOKCHAY BaHafilo i3
BUKOPUCTAHHSAM IHTEHCUBHOT'O TIEPEMIITyBaHHS PO3UYHHY.

2. MeToau Ta maTepiaau

Oco06UBICTIO TIPOTEPMIYHOIO METOly CHHTE3y MOHOKPUCTAIIYHUX HAaHOCTPpi4oK V205 € iioro
€KO0JIOT14Ha Oe3MeKa Ta BUCOKA e()EeKTUBHICTD Y TUIaH1 BETMKOMACIITAOHOTO BUPOOHUIITBA B YMOBaxX
HaBKOJIMIIHBOT'O CEPEeIOBUILA IUIIXOM ITPOCTOTr0 IHTEHCHBHOT'O MEPEMIIIYBAHHS CyCIIeH31i MOPOIIKY
V205 y Boanomy po3umni NaCl. [[ns pocTy HAHOCTPYKTYyp Yy JaHOMY TMIAXOJ1 HE TOTPIOHO
BUKOPHUCTOBYBAaTH IHIIMX JIOJATKOBHX CHEHU(IUHUX YMOB. Y Tpoleci IOCTiKEHHS OyIlo
BUT'OTOBJIEHO YCTAaHOBKY JIJIS TAPOMEXaHIYHOTO CHHTE3Y HAHOMOSICIB IEHTOKCH 1y BaHAIII0 IIJISTXOM
IHTEHCUBHOTO TEPEMIIIyBaHHs BOJHOI'O PO3YMHY/CYCHEH311 MPOMHCIOBOTO MOPOIIKY NEHTOKCUAY
BaHAJII10, siKka 3a0e3Meuye MIaBHe PeryyioBaHHs Ta MATPUMaHHSI HE3MIHHOI IIBUJIKOCTI 00OepTaHHS B
niana3oni 100-1000 06/XB mpOTATOM BCHOTO €KCTIEPUMEHTY.

Jlns pociiikeHHsT BUKOPUCTOBYBaBcs KoMepUiiHUN nmopomok V205 3 po3mipaMu YaCTHHOK B
mexxax Bix 10-100 mxm. IlpuroryBaHHs cycneH3ii BinOyBanocsi HacTymHUM dYuHOM: y 150 mu
JTUCTHIILOBaHOI Boau po3umHsutocs 2 mois NaCl, micis goro nomaBanocs 10 r mopormoky V205.
OnHopiHICTh BHXIAHOT cycneHsii 3a0e3nedyBajlach BHUKOPHUCTaHHSM YJIBTPAa3BYKOBOI BaHHH
npotsiroM 1 xBuwmaH. 151 cuaTe3y HanomosciB V205 gocipKyBaHa CyCIeH31s MPOTITOM MTEBHOTO
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yacy MijjgaBaiacs IHTCHCUBHOMY MEXaHIYHOMY TEpPEMIITyBaHHIO Yy BUTOTOBJIECHIN ycTaHoBI. [Tix
qac epeMilryBaHHs MPOBOIMIINCS BUMIPIOBAHHS TEMIIEpaTypH, BOJIHEBOT0 MoKa3HuKa PH po3uuny,
B’A3KOCTI JIOCHIDKYBaHOi cycrien3ii. CHHTE30BaHI HAHOMOSICKM JIOCTIDKYBAJIUCS METOJaMU
pactpoBoi enekTpoHHoi Mikpockortii (PEM) Ta peHTreHiBchKoi AudpakToMeTpii.

3. Pe3yabTaT Ta 00rOBOPEHHS

Puc. 1. PEM 3HIMKH BHX1THOTO MOPOIIKY MEHTOKCUAY BaHAIIIO.
Fig. 1. SEM images of the original vanadium pentoxide powder.

30.006V  x6.00k _ 10um a)

30.00kV__ x6.00k " i0um fo)
Puc. 2. PEM 3HimKkH niporiecy ¢popmyBaHHs HaHomnosiciB V205 npu iHTEeHCUBHOMY
nepeminryBanHi cycrnensii 3 vactororo 500 06/xB nipu Temmepatypi 12-14 °C npotsirom: a) 24 rox;
b) 48 rox; ¢) 72 rox; d) 225 rox
Fig. 2. SEM images of the process of V205 nanobelts formation with vigorous stirring of the
suspension with a frequency of 500 rpm at a temperature of 12-14 °C for: a) 24 hours; b) 48 hours;
¢) 72 hours; d) 225 hours.
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BceranoBieHo, 110 Ha TMpolleC YTBOPEHHS HAHOMOSCKIB BIUIMBAE TeMIepaTypa, 4Yac Ta
IHTEHCUBHICTbh NEpEeMIilllyBaHHS JOCIIPKYBaHOI CYCII€H31i, pO3Mip BUXIIHUX YAaCTHHOK IOPOILKY.
[linTBep/KEHO MOXIHMBICTE (OPMYBaHHS HAHOMOSICKIB 3 BHXIJHOTO IOPOIIKY 3 PO3MipaMu
gactuHOK 10-100 mxm. Ha BiaMiHy BiA pe3ysbTaTiB AOCHIKEHb U BHUXIJHOTO TMOPOIIKY
MIKPOHHOTO 1 CyOMiKpOHHOTO po3Mipy [2], 72 roguH nepeminnyBaHHs npu dactoTi 500 06/xB He
JIOCTaTHBO JUIS MOBHOTO NEPETBOPEHHS BUXIAHOTrO marepiany. Ha pucynkax 1, 2 mpencraBieHo
MOCJTIIOBHICTH MPOIIECY MepeTBOpeHHs mopomky V205 y HaHOMOSCH.

BceranoBneno, mo piBeHb BOJHEBOrO IMOKa3HMKa pH po3uMHy 3MEHIIyeThCS y Mpolieci
dbopmyBanHs HaHomosciB V205 (puc. 3), o MoXKe CIyryBaTH 1HAMKATHBHOIO XapaKTEPUCTHKOIO
IIBUJIKOCTI CUHTE3Y. Takox mpouec GopMyBaHHS HAHOIMOSICKOBHX CTPYKTYP NMEHTOKCHIY BaHAaJil0
CYIPOBOIKYEThCS 301IBIICHHSIM B’ SI3KOCTI cycriensii (puc. 4).

4
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Puc. 3. 3mina BogHeBoro nmokasnuka pH po3uuny y mpotieci cuHTe3y HaHonosciB V205 mpu
mBUAKOCTI epemimryBaHHs S00 06/xB Ta Temrieparypi cycrensii 12-14 °C.
Fig. 3. The change in the pH of the solution during the synthesis of V205 nanobelts at a stirring
speed of 500 rpm and a suspension temperature of 12-14 °C.
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Puc. 4. 3Mina B’SI3K0CTi pO34YHHY Y MPOIeci CHHTE3y HaHOMOosACiB V205 npu MBUIKOCTI
nepemimryBanas 500 06/xB Ta Temneparypi cycnensii 12-14 °C.
Fig. 4. The change in the viscosity of the solution during the synthesis of V205 nanobelts at a
stirring speed of 500 rpm and a suspension temperature of 12-14 °C.

4. BucHoBku

[TinTBEpIKEHO MOXKJIMBICTH BUKOPUCTAHHS TiIPOTEPMIYHOTO METOAY Yy KOMOiHamii 3
IHTEHCUBHUM MEXaHIYHUM MepEeMIllyBaHHAM PO3UMHY JUIS CHHTE3y HaHOHAHOIOSCIB MEHTOKCUAY
BaHaniro V205. BeraHoBieHO, 1m0 JaHUN METOJI MOXKE OyTH YCITIIITHO 3aCTOCOBAaHUM JJISI CHHTE3Y
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HaHoHaHOMOosICIB V205 13 KOMEpIiitHOTO MOpoIIKy 3 po3mipamu yactuHoK 10-100 Mmxm. OnHak, Ha
BIIMiHY Bi/l BUIIA/IKy BUKOPUCTAHHS BHX1JHOTO IOPOIIKY 3 MIKDOHHUMHU 1 CyOMIKPOHHUM PO3MipOM
YaCTHHOK [2], 72 roAMHU iHTEHCHBHOT'O TEPEMIIIIyBaHHS HE JOCTATHBO I TOBHOTO MIEPETBOPEHHS
gacTUHOK V205 y HaHOTIOSICKU. BUSBIIEHO, 10 XapaKTEPHOI OCOOIHMBICTIO MPOIECY CTPYKTYPHOTO
MIEPETBOPEHHS YaCTHHOK Y HaHOMOSICKU V205 € 3MEHIIICHHS BOJTHEBOTO IMOKa3HuKa PH po3unny, mo
MOXK€ OYTH BHMKOPHUCTaHO SIK IHIMKATHBHY IHTETPAJbHY XapaKTEPUCTHKY MIBUAKOCTI IMPOLECY
CHHTE3Y HaHOIIOSCIB MIEHTOKCH Yy BaHA/IIIO TP TPOMHCIOBOMY BUPOOHUIITBI.

Baprto 3a3HaunTH, 10 BOKIMBUMU YMHHUKAMH, SKI MOXYTh KPUTUYHO BIIMBATH Ha IPOLEC
TAPOTEPMIYHOTO CUHTE3y HAaHOCTPYKTYp MPHU IHTEHCHBHOMY IEPEMIIIyBaHHI € CKJIaJ CyCHeH3ii, il
TeMmIeparypa, MIBHIKICTh IepeMillyBaHHS. JlOCHi/pkeHHs BIUIMBY BKazaHuUX (akTopiB Oyne
MIPOBEJICHO Y HACTYITHUX POOOTAaX.
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HYDROTHERMAL METHOD OF SYNTHESIS OF VANODIUM PENTOXIDE
V205 NANOBELTS WITH INTENSIVE MIXING

Summary. The process of synthesis of vanadium pentoxide nanobelts by hydrothermal method
using intensive stirring of a suspension of V205 powder in aqueous NaCl solution was studied. The
peculiarity of the hydrothermal method of synthesis of single-crystal V205 nanobelts is its ecological
safety and high efficiency in terms of large-scale production by simple intensive mixing of the
suspension of V205 powder in aqueous NaCl solution. No other specific conditions are required for
the growth of nanostructures in this approach. Preparation of the suspension was as follows: 2 moles
of NaCl was dissolved in 150 ml of distilled water, then 10 g of commercial V205 powder with
particle sizes in the range from 10-/00 um was added. For the synthesis of V205 nanobelts, the test
suspension was subjected to intensive mechanical stirring. During mixing, the temperature, pH of the
solution, the viscosity of the test suspension were measured. The synthesized nanobelts were
investigated by scanning electron microscopy (SEM) and X-ray diffractometry.

The technological possibility of application the hydrothermal method in combination with
intensive mechanical stirring of the solution for the synthesis of vanadium pentoxide nanobelts from
powder with a particle size of 10-7100 um was confirmed. The characteristic feature of the process of
structural transformation of particles into V205 nanobelts is the reduction in pH of the solution,
which can be used as an indicative integral characteristic of the rate of synthesis of vanadium
pentoxide nanobelts in industrial production.

The important factors that can critically affect the process of hydrothermal synthesis of
nanostructures during intensive mixing are the composition of the suspension, its temperature, mixing
speed. The investigation of the influence of these factors will be carried out in the following works.

Key words: nanostructures, nanobelts, metal oxides, vanadium pentoxide, hydrothermal
synthesis.
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BIIJIMB TOBHIMHU ITPOIIAPKY HIKEJIIO HA PICT ®A3 Y CUCTEMI CU-NI-SN
IPU I30TEPMIYHOMY BIJAMAJII®

Y pobomi nposedene excnepumenmanvHo 00ciodxcents Kinemuxu pocmy ¢pas y cucmemi Cu-
Ni-Sn npu isomepmiunomy sionani 3a memnepamypu 340°C. Ilpu pisnux uacax ionany UMIpsHO
moswuny azosoeo npowapky Cu3Sn+Cu6Sn5. Ha ochosi ompumanux eKcnepumenmaibHux Oanux
no6y008aHO 3aNeAHCHOCMI MOBWUHU ¢ha3 6I0 yacy Gionany npu pPi3HUX NOYAMKOBUX MOBUUHAX
npowapky nikento. Ilokasano, wo moswuna npowapKy Hikeao 3HauHo GNIUBAE HA KIHEMUKY POCHLY
¢aszosozo npowapry Cu3Sn+CubSnS.

KarouoBi ciaoBa: peakiiiina audysis, OlHapHA CHUCTeMa, 130TEpPMIYHMN Bianay, KiHETHUKA
pocTy, IHTepMeTamiax.

1. Beryn

He3Baxaroum Ha MiHIATIOpU3AIil0 €JEeMEHTHOI 0a3uW CydacHOI E€JEKTPOHIKH, peaizalis
€JIEKTPUYHHUX 3’€JHaHb KOMIIOHEHTIB BiZIOYBA€ThCS 32 PaXyHOK BUKOPHCTAHHS JAaBHO BiJJOMOTO
METOAY MassHUX 3’€JHaHb, OCHOBHHUMH KOMIIOHEHTAMH SKUX 3aJHUIIAIOTHCS Migb Ta 0yioBO. Ilpm
CTBOpPEHHI MasHOTO 3’€JHaHHs BiAOYBaeThbca peakiiiHa AUQY3is MK MIIII0 Ta PIAKAM OJIIOBOM Y
pe3yabTaTi 4oro Ha iX KOHTakTi yTBOproroThes ABi (asu Cu6SnS ta Cu3Sn. V mpomeci pocty
BKazaHuxX (a3 Ha mexi Cu-Sn (opMyroTbes NOpH, SKI BIUIMBAIOTh HAa MEXaHIYHI Ta €JIEKTPUYHI
BJIACTMBOCTI KOHTAKTY 1 MOXKYTh CIYTYBaTH MICIISIMU 3apO/I’KEHHS AE(PEKTIB Ta CIIPUUUHSIOTH BUX1]]
3 Jajly eNeKTPUYHMX 3’€HaHb eJeMeHTIB cxeMu. CIiJ 3a3HauuTH, 110 po3Mip (a3 Kopemroe i3
KUIBKICTIO YTBOPEHUX MOP Ta iX po3MipoM. ToMy nociikeHHSIM peakuiiHoi 1udysii y cucremi Cu-
Sn, cnoco6am npurniueHHs pocty ¢a3z (Cu6Sn5+Cu3Sn) ta npobiiemi yTBOpPEHHS MOP MPUCBIYEHO
OaraTo myOJiKalliil eKCIepUMEHTAIBHOIO Ta TEOPETHUHOro Xapakrepy [1-5]. B Buiie 3a3HaueHux
poboTax PO3MIISAHYTO Pi3HI METOJM MPHUTHIYEHHS POCTY IOp, @ caMe BIUIMB 3€PHHUCTOCTI MOBEPXHI
MiJi, TOMIIIyBaHHS HE3HAYHOI KUIBKOCTI IIMHKY a0O0 HIKEN0 y NMpUIiid Ha OCHOBI OJOBa, BIUIMB
TOBILMHH TaJIbBAHIYHOTO MTOKPUTTS.

MeTo0 poOOTH € EeKCIIEpUMEHTAJIbHE JIOCHIKEHHSI BIUIUBY TOBILUMHU €JIEKTPOJITUYHO
0Ca/PKEHOT0 HIKEJI0 Ha MiJHY IUIACTHHKY Ha KiHETUKY pocTy ¢azoBoro npomapky Cu6Sn5+Cu3Sn
B cuctemi Cu-Ni-Sn.

2. TlocTaHOBKa eKCTIEPUMEHTY

Jlnist eKcriepuMEeHTANbHUX JIOCIiPKEeHb OYJIO BHUTOTOBJIEHO TPH 3pa3Kd 13 JHMCTOBOI Miji
po3mipom 1x0,5x0.02 cm. TloBepxHs 3pa3kiB Oyna oOpoOseHa MEXaHIYHUM Ta €JICKTPOTITUIHUM
CIIOCOOOM.

3pazok Nel Oymo miAroTOBaHO B SKOCTI pedepeHTHOro JociikeHHs (0e3 momepeaHbo
HAHECEHOTo HiKeIN0), To0To B34TO cucteMy Cu-Sn. Ha oaHy 13 MOBepXOHb JBOX 1HIIMX 3pa3KiB 0ys10
HAHECEHO MPOIIAPOK HIKENIO eJIeKTPOIITHUHUM MeTooM. ToBurHa mpomapky Ni 11s 3pa3kiB Ne3 1

> ABTOp BHCIOBIIOE TOMAKY TlepcoHany HaBuanbHO-HAayKOBOrO LEHTPY (i3UKO-XiMIYHHMX JOCTiIKEeHb

YepkachbKoro HaliOHAJTBHOTO YHiBepcUTeTy iMeHi bormana XMenpbHHIBKOTO 1€ OyiIH MPOBEICHI IOCIIIHKCHHS
MIKpOCTpYKTypH Audy3iiiHoi 300K cucteMn Cu-Ni-Sn 3a 1OMOMOT0K0 CKaHyHOYO0T PACTPOBOT €ISKTPOHHOT MIKPOCKOITII.
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No2 ckmamanu 8 MKM 1 5 MKM BIZITOBITHO. XapaKTEPUCTUKH JAOCIIHKYBaHUX 3pa3KiB MPECTaBICHO
B Tabym 1

Taomums. 1

XapakTepUCTUKH JOCTIPKYBaHUX 3pa3KiB

Table.1

Characteristics of studied samples

No 3paszka TosimmHa HaHECEHOTI0 | 3arajbHUH Jac
MPOIIAPKY HIKETI0 (MKM) BiIaIOBaHHS (TO1)

3pazoxk 1 0 10
3pazok 2 5 10
3pazok 3 8 10

Ha noBepxHto Hikenro (s 3pa3kiB Ne2 ta Ne4), a nns 3paszka Nel Ha miacTUHKY Mifi, Oyio
HaHEeCceHe 0JIoBO 3a TeMreparypu 240°C.

BuroroBneHi 3pa3ku MiJaBaIKuCh 130TepPMIYHOMY Bianany B MyQenbpHill medi 3a TeMnepaTypu
340°C. 3aranbHuii yac Bianany ckiangas 10 rogun. Yepes nmeBHI MPOMIDKKH Yacy 3pa3KH J1iCTaBalH 3
medi i BUMiproBasiach cymapHa ToBimHa (a3 Cu3Sn+Cu6SnS. Ha pucynkax 1-2 mpencraBieHO
300paxkeHHsT Mopdoorii Audy3iiiHOT 30HM MiCHs 130TePMIYHOTO Bifgnany npotsarom 10 roauH s
3paskiB Ne3 Ta No2.

Vo

Cu_6Sn_5+Cu 3Sn

BSE COMPO 30.00kV x300 200um

Puc. 1. 3pazok Ne3 (8 mxm Ni) micns Binnany notsarom 10 rogun npu 340°C.
Fig. 1. Sample Ne3 (8 um Ni) after annealing for 10 hours at 340 ° C.
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Cu_3Sn
BSE COMPO 30.00kV x500 200pum

Puc. 2. 3pazok Ne2 (5 mxm Ni) micng Bianany norsarom 10 rogun npu 340°C.
Fig. 2. Sample Ne2 (5 um Ni) after annealing for 10 hours at 340 ° C.

[IpencraBneni Ha pucynkax 1-2 300paxeHHs Mopdororii nudy3iifHoT 30HH OTpUMaHi 3a
JIONIOMOTOK0 PAacCTPOBOIO E€JIEKTPOHHOrO0 MiKpockona. TpaBieHHs Mikpouulida JoCiiKyBaHUX
MMOBEPXOHb MPOBOJIMIIOCH 32 JOoIOMOror0 5%-Boro pozunny HCI npotsirom 5-20 cexyn.

Jns oOpoOKM OTpUMaHHMX pe3yiabTaTiB Ta BU3HAYUTU po3Mip (a3, Oylo BUKOPUCTAHO
nporpamHe 3ade3nedeHHs Paint.net.

BumiproBanHs Ta oOpaxyBaHHs 371MCHIOBAJIOCS METOIOM BHIUIEHHS (a3u Ha 3HIMKax 3a
JIOTIOMOTOI0 THCTPYMEHTIB $IKI € B JIaHii mporpami. BUKOpHCTOBYIOYM 1HCTpYMEHT ‘“Jacco’, 1110
3HAaXOAMTHCSA B JIBIM maHemni, BUAUIAEMO 00jacTh a3y Ky MU OTpUMAIM Ta Ty IIO XOYEMO
o0OpaxyBaTH, MICJS YOTO MU M1JIPpaXOBYeEMO JIaH1 SIKI MU OTPUMAJIH.

Jnsg toro mo6 [ai3HaTHCA IIMPUHY Ta IUIOHIY B IMIKCENIIX MOTpiOHO obOBectu (asy
THCTPYMEHTOM “lacco’ 1 MporpaMa cama BKa)xe IIUPHUHY 1 TUIOILY.

[Ticns yoro 3HarOuM BiJCTaHb MK JIBOMA CYCIIHIMU HOJUIKaMH, sKa CKJIAJae s JaHOTO
BUMAJKY L = 20 MKM. (3aJIeXKUTh BiJ 30UIbIIEHHS MIKPOCKOIY MpHU IKOMY OyJ10 oTpuMane (oTo).

[ToTiM 3a 10OIOMOrOK0 IHCTPYMEHTY “TIPIMOKYTHAsl 00J1aCTh” 3HAXOUTHCSI KUIBKICTb IMIKCETIB
[0 mpurnaaae Ha | MOAUIKY MKW TpUiIaay. 3a JOMOMOTOK JAHOTO METOAY OOpOOJISIFOTHCS
oTpuMaHi 3 (OTO AaHi, MICIA YOr0 MOXHA 3HANTH BUCOTY (ha3 pO3AUTUBIIM IUIOLTY JOCTIIKYBaHOT
oOmacTi Ha 11 qoBxuHy. Cii 3a3HAYUTH, 10 YaCTUHU (a3, mo “BiaipBaIucCs’’ 1 3HaXOAATHCS B OJIOBI
HE BPaXOBYIOThCS.

3. OOroBopeHHsI OTPUMAHMX eKCIIEPUMEHTAIBHUX Pe3y/IbTaTiB

Byrno npoBeneHo 5 130TepMiUHUX BiAMAJIB TSI KOXKHOTO 13 OMHCAHUX BHUIIE TPHOX 3Pa3KiB.
[Ticns KOXHOTO BiAmady NPOBOIWIOCS JOCTIIKEHHS MIKPOCTPYKTYpH Tepepidy 3pas3KiB Ta
BuMiproBanacsi TopmuHa Ah dazooro nmpomapky Cu3Sn+Cu6Sn5. Ha ocHOBI oTpumaHUX JaHUX
no0y/I0BaHO 3aJIKHOCTI TOBIIMHY (a3 B Bix yacy Bixmany (puc. 3.).
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Puc. 3. 3aexwnicTs ToBIMHN Pa3z Cu3Sn+Cu6SnS Bin vacy Biamany 3a remmneparypu 340°C.
Fig. 3. The dependence of the thickness of the Cu3Sn + Cu6Sn5 phases on the annealing time
at a temperature of 340 ° C.

Sk BUIHO 3 pUCYHKa 3, BXKe depe3 2 TOJAMHHU Bianary, cymapHa ToBmmHa ga3z Cu6Sn5+Cu3Sn
g 3pa3ka Ne3 (3 MOYaTKOBOIO TOBIIMHOIO Mpomapky Ni 8 MKM) Maiike BIBIYI MEHIIA HIK IS
3pa3ka Ne2 (3 Mo4aTKOBOO TOBIIMHOKO Tpomapky Ni 5 mkwm). [ljis 3pa3ka jie HiKeJIb He HAHOCHBCS,
TOBILMHA (a3 BiIAPI3HAETHCS B JECATKH pa3. BkazaHa TeHJEHLIIsS CIIOCTEPIraeThes MPOTATOM BChOTO
yacy Bianany. Takox BaXJIMBUM Pe3yJIbTaTOM € Te, 110 IPU HAHECEHH1 8§ MKM HiKelto (3pa3ok Ne3)
ta micna 10 roguH Binmany y audysiiHii 30H1 BincyTHs ¢aza Cu3Sn. Amxe came B wiil ¢asi
BiJOYBa€THCS PICT TOp, 11O MOKE CIYT'YBaTH NMPUYHHOIO PYHHYBaHHS KOHTAaKTy Ha mexi Cu-Sn.
3aranoMm y pobortax [2, 6, 7] moka3aHo, 10 HASBHICTh HE3HAYHOI KiMbKOCTI Ni abo Zn y mpurmoi
npurHiuye pict gazu Cu3Sn. Takoxx 3 OTpUMaHUX 3aJ€KHOCTEW BUIHO, 110 MIBUAKICTH pocTy (a3
BIJIPI3HSETHCS B 3aJI€)KHOCTI BiJ] TOYATKOBOI TOBIMHU MPOILIAPKY HIKEIIO.

4. BUCHOBKH

Ha ocHoOB1 aHamizy pe3yibTaTiB MPOBEIECHOTO E€KCIEPUMEHTAILHOTO OCIHIKEHHS MOXHA
3pOOUTH BHCHOBOK, ILI0 3@ JIOIIOMOIOI0 HAaHECEHHS KOHTPOJHOBAHOIO 32 TOBIIMHOIO MPOIIAPKY
HIKEJII0 MO’KHA BIUIMBATH Ha MWBUIKICTH pocTy a3 Cu3Sn ta Cu6SnS npu peaxuiitHiil nudysii y
cuctemi Cu-Ni-Sn. 30inbIIeHHsT TOBIIMHU BHXiTHOTO mpomapky Ni MpUBOAWTH 0 3MEHIICHHS
MIBUIKOCTI pocTy (azoBoro mpormapky Cu6Sn5+Cu3Sn. Takox mpu NEBHIM TOBIIMHI MPOIIAPKY
HiKemo, K BUAHO 3 (puc.2.) ¢gaza Cu3Sn, B sKiif 1 yTBOPIOIOTHCS MIKPOMOpPH, Maii’Ke MOBHICTIO
MPUTHIYYIOTHCS.
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INFLUENCE OF NICKEL LAYER THICKNESS ON PHASE GROWTH IN CU-NI-SN
SYSTEM DURING ISOTHERMAL ANNEALING

Summary. For modern gadgets and other microelectronic devices, the main requirement is
their reliability. One of the reasons of the failure is the overheating of the equipment and the further
degradation of the solder contacts. This process is induced by the formation of pores in the
intermediate ¢-Cu3Sn phase, which is formed during heating of the copper-tin contact. It should be
noted that not only overheating leads to the degradation of the solder contact, but also the electric
current through the contact.

There were many studies to determine the factors that supress the growth of pores in the &-
Cu3Sn phase, as well as the growth of this phase. One of such factor is the addition of zinc or nickel
to the solder on the tin base. The addition of a microscopic layer of nickel to the boundary between
copper and tin was also investigated.

The kinetics of phase growth in the Cu-Ni-Sn system under isothermal annealing at 340°C is
investigated. The study of this three-component system is relevant, since pores can form at the Cu-Sn
interface, which affect the contact properties and can serve as places of occurrence of defects (pores).

It should be noted that the thickness of the phases correlates with the number of pores formed
and their size. Therefore, the study of the diffusion reaction in the Cu-Sn system with the addition of
another component is one of the ways to inhibit the growth of the Cu6Sn5 + Cu3Sn phases. In the
paper, the thickness of the Cu3Sn + Cu6Sn5 phase layer was inestigated at different annealing times
at a temperature of 340°C. The total annealing time was 10 hours. It is shown that at a certain
thickness of the deposited nickel, the growth of the e-Cu3Sn phase almost completely stops. On the
basis of the obtained experimental data, the dependences of the phase thickness on the annealing time
for different initial thicknesses of the nickel layer are presented. It is shown that the thickness of the
nickel layer significantly affects the growth kinetics of the Cu3Sn + Cu6Sn5 phase layer.

Keywords: reaction diffusion, binary system, isothermal annealing, growth Kinetics,
intermetallics.
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JOCJIIOKEHHSA OBEPHEHUX 3AJIAY JIS1 XBUJIBOBUX PIBHAHD
METOJIOM I'AJIbOPKIHA®

Poboma npucesauena poss’sizannio obepHenoi kpatiogoi 3a0aui 0 00HOBUMIPHO20 X8UNbOBO2O
PIBHAHHS 3 3aCMOCY8aHHAM ma adanmayicto memoody I anvopkina. Ilpobremamuxa yikasa 3 mouxu
30py NPAKMUYHUX 3ACTOCYB8AHb YUX 3a0ay: 0bepHeHi 3a0ayi, Ha 8iIOMIHY 8i0 NPAMUX 3A0a4, 8 AKUX
8i0oMi KoehiyiecHmu pieHAHHSA, Micmamb Hegioomy 6 Koeghiyicnmax, ¢hizuunuil 3micm sAKoi €
WBUOKICMb PO3N0BCIO0NCEHHS 38YK060I xeuni. Li 3a0ayi 00601i akmyanvHi 3 02150y iX 3aCmocysans
6 momoepaii, aemoody0ieHoi npomuciosocmi, e NOMpPIOHO 3YUMYBAMU CUSHAT, «38VKOBY XGUIIOY,
SAK 360pOMHIl 38'30K Ha npoyecu, AKI 6100y6a0OMbCs.; MeCmy8anHs agmomoOinieé Ha SPAHUYHUX
WBUOKOCMAX MA GNIUE ONOPY NOGIMPs HA KY308, AKICMb 300pajceHHs npu momozpadii, moujo.
Memorw pobomu € 0o8edeHHs meopemu iCHY8AHHA PO38 3Ky 00epHeHoi 3a0ayi 0151 00HOBUMIPHO20
X8Ub0B020 Pi6HAHHA ma adanmayisi memooy I anbopkina 015 e8oNOYIUHUX PIGHHD.

KurouoBi cioBa: oOepHeHa 3aaya, €BOJIIOIINMHI PIBHSHHS, XBHJIBOBE DPIBHSHHS, METO
lNanpopkiHa, HeMiHIMHI omepaTopu B cemapabenbHOMY OaHaXOBY MPOCTOpi, CIaOKUM PO3B’A30K,
MO/IEITFOBAHHS aKyCTUYHUX MTPOIIECIB.

1. Beryn

PoGota mnpucBsdeHa po3B’s3aHHIO OOEpHEHOI KpaioBOi 3aaayl JuIsl OJAHOBHUMIPHOTO
XBUJILOBOTO PIBHSHHS 3 3aCTOCYBAaHHSIM Ta ajanTariiero meroay [anpopkina. [IpoOGiemaTuka mikaBa
3 TOYKU 30py MPAKTUYHUX 3aCTOCYBaHb LIUX 3aJay: YacTO B MPAKTUYHUX LITSAX NOTPIOHO 3HAUTH
HIBUKICTH PO3MOBCIOKEHHS 3ByKOBOi XxBuil. OOepHeHa 3aj1aya, Ha BIIMIHY BiJ MpsAMOi, B SKOi
BiJIOMi Koe(illi€EHTH, MICTUTh HEBIIOMY B Koe(illieHTax, (i3UYHUN 3MICT SIKOi SKpa3 1 € MHIYKaHOIo
HIBUAKICTIO PO3MOBCIOIKEHHS XBIIII OTXKe, po3B’A3aHHS O0OEpHEHUX 33/a4 MOJIArae B 3HAXOKEHHI
IIBUJIKOCTI 3BYKOBOI XBWJII (YMCEFHOMY YM aHAJITHYHOMY). B 1IbOMY HampsMKy BapTO 3rajatu
po6otu ['opbauyk B. 1. [7], Jlionc XK. JI. [1], JI. TlecroB[10] ta 1. CtpenbhikoB [8]. OcHoBHI MeTO 1M
IaHol poOOTH CHHUPAIOTHCS Ha Il CTAaTTi 1 HAIIMM 3aBJaHHSAM € 3aCTOCYBaHHA Ta aJamnTailis

® PoGoTa BUKOHAHHS B PaMKax 3aTy4eHHsS MOJIOAMX BUEHUX (CTYIEHTIB) 0 BUKOHAHHS JIepKOKeTHUX TeM MOH,
HoMepu neprkpeectpanii 0118U003138, 0119U100421, a takoxk ykpaiHcbKo-HiMenbkoro mpoekty «From Modeling and
Analysis to Approximation".
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po3po0JIeHUX B BHINE3TalaHUX poOOTAaxX METO/IB Ha MOJEIbHUIA BUIMAI0K oOepHeHo1 3anaui Komri-
JipixJie st OIHOBUMIPHOT'O XBHIILOBOTO PiBHSHHS.

SIk BiZIOMO, XBWJIbOBE PIBHSHHS OIKCYE TPOIEC PO3IMOBCIOPKEHHS XBHIII B mpoctopi. Tak,
30KpeMa TPUBHUMIPHI XBUIHOBI PIBHSHHS MOJICTIOIOTh MPOIECH PO3MOBCIOKEHHS 3BYKOBUX XBUJIb.
OOGepHeHi 3a7adi, Ha BIAMIHY B NMpSAMUX 3a7a4, B SKUX BIIOMi KOCQIIIEHTH PIBHSHHS, MICTATH
HEBiJIOMY B KoedimieHTax, Gpi3udHmii 3MICT SKOT € MBUKICTh PO3TOBCIOIKEHHS 3BYKOBOT XBHUIi. L{i
3a/1a4l JIOBOJII aKTyaJlbHI 3 OTJISIY iX 3aCTOCYBaHb B ToMorpadii, aBToOyaiBHOT MPOMHUCIOBOCTI, JI€
NOTPiOHO 3YMTYBAaTH CHUTHAN, «3BYKOBY XBHJIIO», SIK 3BOPOTHIM 3B'SI30K Ha MpPOLECH, SKi
BiIOYBAIOTHCS: TECTYBaHHS aBTOMOOWIIB Ha IPAHMYHMUX IIBHJKOCTSX Ta BIUIMB ONMOPY IMOBITPS HA
KY30B, IKICTh 300paKeHHs ITpH ToMOoTrpadii, Tomo.

Metoro poOOTH € JIOBEICHHS TEOPEMH ICHYBaHHS pO3B’SI3Ky OOCpHEHOi 3aaadi s
OJTHOBHMIPHOT'O XBHJILOBOT'O PIBHSHHS Ta aJIaNTallis MeToy | abopKiHa JUIsl €BOJIOLIHUX PIBHSHD.

PosrnsitHeMo 00epHEHY KpalioBY 3a7auy JUIs XBHJILOBOTO PiBHSHHSI.

Hexaii Q) — oOMmesxena o6acts y R™(n > 2) 3 riaakoro mexero 0€). Hexaii ), € 0Q — BigkpuTa
MHOKHHA 3 TJIAJKOI0 MEXer. 3aaua, Mo Ha3UBAEThCS MIPSIMOIO, € TIOYaTKOBOK KPalOBOIO 3a1aueto
JUTSL XBUJIBOBOT'O PIBHSHHS 3 KPAalOBUMH YMOBaMHU

PUpt — Uyx = 0B (O' l) X (O' T), (1)
u(0,t) =0, u(l,t) =0, 2
u(0,x) = uy(x), % = uy(x). ©)

1 ) ) . )
Tyt p(x) = ot nojaTHs (YHKINS, KA OB s3aHa 31 MIBUAKICTIO 3BYKY: C€(X) — HIBUAKICTh

seyky. f(t) = (fi(t), fo(t)) — 3anama rpanmuna dymkiis. [l OPoCTOTH PO3MMIAAAEMO TIEPILY
Mimany 3agauy. Hexaii u/ — po3s’s30k npsiMoi 3anadi (AKuid, 3rigH0 3 Teopii MaTeMaTuaHOi (i3HKH,
iCHY€, €JIMHU 1 HETIEPEPBHO 3aJIEKUTH Bi f).

O6epHera 3a71a4a MOJATae y 3HAXO0KeHHi KoedilienTa piBEsSHAS p(X) 110 3ananiit pyskuii u/.

3rigHo 3 [1] 3actocyemMo merona ['anmpopkiHa Ui €BONIOLIMHHUX PIBHSHB JUIS PO3B’S3aHHS
obepHenoi 3anaui (1)-(3). dus niHiiiHUX PIBHSIHB PO3POOICHO YMMAJIO METOIIB PO3B’I3aHHS, B TOMY
YHCIIl 1 YMCETbHUX, OJHAK, cCaMe JJIsi OOEpHEHMX 3a/1a4y BOHU He € eheKTUBHUMU. B Toii yac, koiau He
IPALIOIOTh YUCENIbHI METOIU JIJIs JIIHIMHUX PIBHSAHB, MOXKHA 3aCTOCOBYBATH MeTO/1 I'anbopKiHa, IKUi
HepuIoYeproBo 0yB po3poOiIeHui A HeNMiHIMHUX PIBHAHB, OJJHAK, Y BUMAIKy 0O€pHEHOT 3a1a4l BiH
BUSIBUBCSI HalOUIbII €(EeKTUBHUM Ta PE3ylbTAaTUBHUM Yy BUKOHaHHI. OTXe, pO3IJIAIeMO CIOYaTKy
3arajpHy cxemy Merony [ampbopkiHa 01 6yOb-akoco omepatpHoro piBHsHHS AU=f.A moTim

MEPEHECEMO 10 CXEMY JUTsl pO3B’sI3aHHS €BOJTIOLIIHOT 00epHeHoi 3aaaui (1)-(3) (auB. po3ain 3).

2. Metoa I'anepkina 1Jisl cranioHapHUX HediHilfHUX PIBHAHB

PosrnsiHeMo criovarky KiaacHM4Hy Bepcito Metoay ['anbopkiHa—uisl HEMIHINHUX eMINTHYHUX
PIBHSHB JPYroro HOpPsKY, sIKi 3aJaeTbest oneparopoM A. Metox "anbopkiHa — MeTo MOOYIOBH
CKIHYEHHOBHMIPHUX HAOJMKE€Hb pO3B’sI3Ky onepaTopHoro piBHsAHHS (Au=f B cemapabenbHOMY
OanaxoBomy mpoctopi X. A came, TOBEICHHS CKIAIa€ThCs 3 HACTYMHUX eramiB [9, c. 98]:

1. 3aBnsku cenapabenbHOCTI 0aHAXOBOro MpOCTOpY X, iCHYe 3JiueHa BCIOAM IIUIbHA
HiIMHOKHUHA {V;, Vs, ..., Uy, ... } B X. 3 OCHiOBHOCTI {V), } 7 ; BUOEPEMO T ATIOCITIOBHICTE {Wp, }re 1
TaKUM YMHOM, 00 Oyb-skuii Habip {Wl, Wy, ..., wj} OyB NiHIHHO HE3aJEKHUM JJISl TOBLUIBHOTO j.
Posrnsnemo piBHsAHHESA Au = f Ha CKiHYEHHOBHMIpHOMY HianpocTopi F; € X: F; = {61W1 + cow, +
ot Cjwj, ¢ € RLEk=1,2, ..., j}. Bu3HaunMo TranbOpKiHCHKI HAONMKEHHS Us = CiW; + Cow, +
-+ + CjW; K pO3B’A30K CHCTEMH PiBHSIHb

(Auj,wi) = <f, Wi),i =1,.. ,j.

JloBeieMo, 110 AJist KOXKHOTO j Ha Fj ICHY€E PO3B’SI30K CUCTEMH.

2. JloBeieMO 0OMEXEHICTh OCIIOBHOCTI {u]} — MOCIIIOBHOCTI TaJIbOPKIHCHKUX HAOMKEHb
PO3B’sA3KY piBHSAHHSA Au = f, ToOTO MOKaxeMo, 1110 icHye M > 0 11t IKoro ||u]|| <M, j=12,...

. . . [e%)
Takoxk moxaxxeMo oOMeKeHICTh B X © mmociigoBHOCT AU f. .
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3. JloBeneMo cnabKy 301KHICTh JESKOT MiAMOCIIJOBHOCTI {ujk} IIOCJIIIOBHOCTI {u]-} IO IESAKOTO
eleMeHTa U, € X.

4. JloBeeMo, 110 Uy € X — PO3B’SA30K ONEPaTOPHOTO piBHAHHSA Au = f.

Peanizyemo eranu 2-4.

2. JloBemeMO OOMEKEHICTh ITOCIIIJOBHOCTI {Auj} BX*. Posrimemo v € X: ||v|| =1,v' =
ov; ||[v'|| = 6. Toni

1 1 1
(Auj,v) = §<Auj' dv) = E(Auj,v’) = §<Auj —Av' + AV, v —u; + )

1
= g{(Auj —Av',v" —u;) + (Au;, u;) + (Av',v' — uj)}.
3a ymoBM MOHOTOHHOCTI onepatopa A maemo (Au; — Av',v' —u;) = 0, Tomi (Aw; — Av', v’ —
u) = —(Au; — Av',u; — v') < 0,(Au;, ) = (f,u) < IfIl- ||u]||
3a ymoBu HemepepBHOcTi omeparopa A mus ||w| < 6§ = ||[Aw]|| < K, T06TO € soKanbHA
00MeKEeHICTh — OOMEXKEHICTh Ha KOXHii Kymi. Toxi 3 (1.24)

1 1 1 1
(o) < SUFI- [yl + 514071 [l =l < SUFIM+ <K'+ (ly]])

1 1 1
< <IIfIM + 5K -8+ KM = N.

Tooro3d N > 0: |(Auj, v)l < N,Vv € X. TakuM 94HHOM, JOBEIECHO OOMEKEHICTD {Auj} BX".
3. IcHyBanHsA MiANOCHITOBHOCTI Uj — Uy BUILIMBAEC 3 TEOPEMH-BIACTHBOCTI CIAOKOi
KOMITAKTHOCTI pe(pJIeKCUBHOTO 0aHAXOBOTO MIPOCTOPY.

4. 3aysawenns 1. UJZ; F = X.ToOTo, 1 HOBIIBHOIO Uy € X iCHYE MiANOCTiTOBHICTH
{u}‘k} C Fj Taka, mo uj — Uo. Pikcyemo nesike n € N i posrisiHeMo jj, = n. s Oyap-sikoro w €
F, maTumMemo

0 < (Auj, — (Aujy + ew), wj, — (U + ew))

3a YMOBM MOHOTOHHOCTI onieparopa A. 3 iHioro 60Ky, uj, — Uy € Fj, ane ji = n. l ockinbku
Fi cF, c - CE, CFy,T10 ew € F, = &w € Fj,.. Tobto, wj, — uj, — eéw € Fj,. 3a ymosu Toro,
IO Ujj — MAMOCIII0BHICTS CKIHYEHHOBUMIPHUX PO3B’A3KIB, OTPUMYEMO

* _ *
(Awjpe, Wi — ujy, — ew) = (f, wje — Ujj — ew).
Takum 4yuHOM,
* *
(Auj, — A(ujk + ew),ujk — Ujj — EW)

(5)

={f) Uj — Uj — ew) — (A(u}’-*k + sw),ujk — Ujj — EW).

I3 cnabkoi 361KHOCTI Uy, = Ug, Uj, — Ug, M1 Oy/b-siKoro f € X MaeMo
<fl ujk - u]ikk - SW) - (f' _SW)'jk — 00,
(A(ujy + ew), up — ufy — ew) = (A(ug + ew), —ew),
OCKIIBKH Ujj, — U CHIIBHO B X. TakuM 4MHOM, NEPEX0s4u B (5) 110 TPaHHLLi 110 j — ©0 , MATUMEMO
(f,—ew) — (A(ug + ew), —ew) = 0,
(f,w) —(A(ug + ew),w) < 0.
[lepeiinemo 10 rpaHulll B OCTaHHIM HepiBHOCTI o € — 0
(f,w) — (Auy,w) < 0.

TyT BUKOpUCTaHO HeTepepBHICTH orneparopa A: X — X, ToOTO SKIIO Uy + EW = Uy TIpH € —
0, 10 A(uy + ew) — Au, B X*. 3Bigcu BummBae, mo (A(u, + ew), w) - (Auy, w).

Takum unHOM, TSI TOBITBHOTO W € F, Mae micIie HepiBHICTh

(Auy — f,w) = 0. (6)
OCKIJIbKH Uj';l E =X, 1o (6) cripaBmHKY€ETHCS UTS TOBUTBHOTO W € X
(Auy — f,w) =0, Vw € X. (7)

AHaJOriuHy HEpIBHICTh OTPUMY€EMO ISl —W € X
(Aug — f,—w) <0,
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abo
(Aug — f,w) < 0. (8)
3 (7) i (8) maemo (Auy — f,w) = 0,Vw € X. Tobro, maemo piBHicTs B X*: Auy = f. Omxke,
Uy € X —po3B’sA30K onepaTtopHOro piBHAHHA Au = f.

3. Mertoa I'anbopkina 1151 eBOJIIOMiHUX 327124

3actocyeMo Ternep Meton ['anpopkina aiist po3B’si3anHs obepHeHoi 3amadi (1)-(3). 3a ocHOBY
Bi3bMEMO TaKOK IHTEpIIpeTallifo MeToaa ['aapopKiHa AJ1s JiHIHHAX €BOJIOIINHUX PiBHSAHB (IuB. [7]).
Cxema JtoBeicHHS Oy/ie ClIpaTUCs Ha etanu 1. 1.

3.1. IloOyaoBa CKiHYeHHOBUMIPHOTO PO3B’A3KY
CrouaTky IIyKaeEMO CKIHUEHHOBUMIPHUN PO3B’SI30K Y BUIIISL:

m
uo(x) = lim(ugm) = ) wi(@ttom — g 5 H = 2(0,1), mpum — oo;
i=1 (9)

m
U (x) =lim(uyy,) = Z w; (%) Uy = Uy BH = L2(0,1), npu m - oo.

i=1
BusHaurmo HaGIMKEHUI pO3B’SI30K U, (t, X) 3a1adi CIIiBBIAHOIIEHHIMHM

um(t» x) = ?;21 gim(t)Wi (x),
d*u(x,
('D(x)%,wj(x)) + (W), wi(x) = (fr,),w;(x), i<j<m (10)

um(or x) = Uom (X), u;n(or x) = Uy ().
OueBuano, mo 3amada Komri BigHOCHO KoedilieHTIB po3k/IaziaHHs g, (t) Mae enuHuit
po3B’si30k (nuB.[2, 3]).

3.2. JloBeieHHA ¢J1a0KOI 3012KHOCTI CKIHYeHHOBUMiPpHMX HAOIMKEHb
JIs1st OTpHMAHHST AlPiOPHOT OMIHKH QYHKIIT Uyy, (, X) TOMHOKHMO IpyTe 3 CIiBBiqHOMICHHS (3)
Ha g}, (t) 1 MpoCcyMyeMo TIO j, TOJ, CKOPHCTABIINCE HOPMYIOI0 Uy, (t, X) = XiTg Gim (B)W; (X)),
MaTHMEMO
(um (£, %), up (8, 2)) + (p(x), V) = (f (x, 1), up (%, 1)),

d
¢ lum (8, V7 + (p(x), Vi)l = 2(f (x, ), up (x, 1))

BiamnosigHo
t
lul, (t, ) |? + Vu = |uj, (t,x)|? + 2 f(f(x, 0), U (x,0))do,
0
3BIIKH
|u7'nt(t,x)|2 + lum (& ) 1? < (luom (6201 + [ugm (t x)1%) + Cluy, (€, x)1* + (1)
C fo[”um(x: )l + If (x, o) l|lup, (x, 0)|] do;
Ane
t
tom (6,21 < om0, 0] + [ I, 0o
0
TOMY SKIIO TOKJIACTH
[ty (8, 2) 1% + |t (8, )1 = Uy (8), (12)
toai 3 HepiBHOCTI (11) oTpumaemo
t t
U () < C|lugm (0, )% + |ugm (0,%)|? + flf(x, 0)|?do| + Cf U,,(0)do. (13)
0 0
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Bracmigok nemu I'ponyosia (nus. [4]) maTumemo:
|lu,(t, )| <C, te€[0,T], (14)

ne C — craia, sKa He 3aJ1eXATH Big m.

Bignomenns (14) o3nayae, 110 MOCTITOBHICTh U, € OOMEKEHOI B MIJIMHOXHUHI TIPOCTOPY

L*(0,T;L?(0,1)); nocninoBHicTs d:—;” € TakoK OOMEKEHOI B IMiJAMHOXHHI IPOCTOPY

L*(0,T;L?(0,1)).
Toni, BignosigHo [5, 6], MOXKHA 3HAWTH TaKy IMiAIOCTIIOBHICTD {u#}, 110

u, - u — cnabko B L”(0,T; L?(0,1));
du, du (15)

Nt = 2
T~ g~ habkosl (0,T;%(0, D).

Toui, u, (0, x) = u(0, x) cnadko 36iraerees B mpocropi H = L?(0, 1) i Tax sk, 3riaHo 3 (9),
u, (0,x) = ug, = up BH = L?(0,1), (16)
u(0,x) = uy(x).
3.3. /loBeieHHs iCHYBaHHS PO3B'SI3KY
Hexait ¢ € C1([0,T]), ¢(T) = 0; nosHaunmo @;(t) = (t)w;. IlomMHOXMBIIM mpyre 3
BigHomeHp (2-3) (npu m=pu > j,ne j— JoBUTbHE (iKCcOBaHE UYHMCIO) Ha (QYHKLIO
@ (t) inpoinTerpyBaBuIH BII[ 0moT, OTpI/IMa€M0

f[ (e ¢1)]dt = j(f @;)dt + (ulw ‘PJ(O))

0
[Tepexoasiuu 10 TPaHUIII PU U — O, 3HaXOIlI/IMO
T

[ 1= we'lde = [ (7w de + G, wo0)
SIK11o B3sTH @ € D((S, T)), TO "

dZ
?(u, w;) + p(0)du = (f, w;) V).

Tomy
2

u
Iz + p(x)Au = f.
Otxke,
(W' (x,0), w;) 9(0) = (w(x), w;) 9(0), V), Vo,

a 3HaunTh, U’ (0, %)= uy (%).

TakuM YUHOM, €IEMEHT U IIHCHO € po3B’s3koM 3a1adi (1-3).

Taxkum 4MHOM, JOBEJCHO HACTYITHE TBEPKECHHSI.

Teopema 1. Hexaii

f € L*(0,T; L2(0,1)),
uy(x) € L2(0,1), 17)
u; (x) € L%(0,10).

Toxi B mpocTopi W1'°°(0,T; L(0, l)) icnye eqummit po3s’a3ok u/3anaui (17) i, BigmoBigHo, icHye
obMexennit po3s’ 30k p(x) obepreroi 3amaui p(x) - ul (x, t).

3ayBakeHHs1. 3ayBa)XMO, 1110 PE3YNIbTaT TeopeMH . 30iratoTbes 3 pe3ynpTaToM podotu [8] y
BUMAJIKY MepIuoi kpaiioBoi 3a1aui Ta 0 = 0. OfHak, Ha BIAMIHY BijJ pe3ynbTaTy poOoTH [8], sKuii
OyB OTpHUMaHUN 3a JIOMOMOrOK0 OUTIHIMHUX (OpM, Hall pe3yabTaT OyB OTPUMAHUN METOIOM
lanpopkina it eBosonifHUX piBHSAHb. Ha BinMiny Bin BC mMetony, sikuii Tpeba mijiamiToByBaTH
MiJ] KOXXHE KOHKPETHE PIBHSHHS Ta THUN 3ajadi, BBOJSYM BIJIMOBIAHI JO PIBHAHHSA Ta 3aaadi
KBagpaTtuuHi popmu, meTo ["abopKiHa € YHIBEpCAIbHHM, CKJIAIa€ThCS 3 YITKO BU3HAYEHUX €TalTIB,
peaizanis sSIKUX MOJIATrae B JOBEACHHI 301KHOCTEH alpOKCUMYIOUHX MOCIIOBHOCTEH.
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4. BucHoBkHM

B naniit poboti Mu nocmiauian oOepHEHyY 3ajady Ijs XBHJIbOBOTO PIBHSHHS 3 TPAaHUYHUMU
YMOBaMH; PO3TIISIHYJIU MeTO ["anbopKiHa Il CTalliOHAPHHUX Ta EBOJIOIIHUX PIBHSIHb; 3aCTOCYBAIN
Mmetoa ['anpopkiHa Ui MOUIYKY PO3B 3Ky OOEpHEHOI 3a/1adi Uil OJHOBUMIPHOTO XBHIJIBOBOTO
piBHsSHHSA. OCHOBHUI pe3ysabTaT poOOTH 30iraeThcs 3 pe3ynbTaToM poOoTH [8] y BUNaaKy mepioi
KpaiioBoi 3aaa4i Ta 0 = 0. OxHak, Ha BiAMIHY BiJ pe3ynbTaTy podoTH [8], skuii OyB oTpuMaHuii 3a
nonomororo OumiHiHHMX ~ BC, Ham pesynpTaT OyB OTpuMaHuii MeTtogoMm [anbopkiHa s
eBOJIIOLITHUX piBHAHB. Ha BiAMiHY BiJl METOly TPAHUYHOT'O KOHTPOJIIO, SIKUI Tpeba IMi/U1alTOByBaTH
T KO)KHE KOHKPETHE PIBHSHHS Ta THII 3ajadvi, BBOJSYM BIAMOBIAHI 1O PIBHSAHHSA Ta 3a1adi
KBaapaTu4Hi (hopmu, MeTo ["abopKiHa € yHiBepcaTbHUM, CKIAIAE€ThCS 3 YITKO BU3HAYCHUX €TalliB,
peaizaliis IKUX MOJIATa€e B JOBEACHHI 301’KHOCTEH CKIHUEHHOBUMIPHHX allPOKCUMAIlI PO3B’s3KY.
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GALYRKIN’S METHOD IN INVERSTIGATIONS OF INVERSE BOUNDARY
PROBLEMS FOR WAVE EQUATIONS

Summary. The paper is devoted to solvability of inverse problem for one-dimensional wave
equations with the help of Galerkin'n method. This theme attracts the interest of researchers due to
many practical applications of such type problems: it is very actual task to find the wave speed in
many acoustic problems. To solve the inverse problem it means to find (numerically or analytically)
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unknown coefficient of equations (in our case—to find the wave speed). In this directions the papers
of Gorbachuk V. I. [7], Lions J.-L. [1], L. Pestov [8, 10], D. Strelnikov [8] can be mentioned.

In the paper the principal methods of investigations are based on methods of mentioned papers
and the main task of the paper is to adapt and to use the Galerkin’s method for solving the Cauchy-
Dirichlet inverse problem for wave equation.

As it is known, wave equation simulates the wave processes in the space, 3-dimensional wave
equation simulates the acoustic wave. Solving inverse problems it is arising the necessarity to find
unknown coefficient of equation, which in the case of wave equations is acoustic speed. This tasks
are very interesting due to many applications in tomography, car-industry, where it is necessary to
find signal, acoustic wave as inverse signal: car testing in limit speed, image quality of tomography,
etc.

The main goal of the paper is to prove the existence theorem for weak solution to inverse
Cauchy-Dirichlet problem for one-dimensional wave equation with the help of Galerkin's method
and its adaptation for evolution equations. Let us note, that result of the existence theorem (see
Theorem 1) coincide with the results of the work [8] in the case of the first boundary value problem
and o = 0. But we did not use BC method, which can be applied only for concrete equations and
concrete type of boundary conditions due to definition of corresponding to equation quadratic form.
As alternative approach, we use Galerkin's method, which is universal for all equations and all types
of boundary conditions and which allows only to realize its steps and to prove convergence of
approximating consequences.

Keywords: inverse problem, evolution equations, wave equation, Galyrkin’s method, nonlinear
operators in separable Banach space, weak solutions, acustic prosesses simulation.
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