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5.14 BUKOPUCTAHHA JIIHTOCYJIbB®AHATY B SIKOCTI 286
JUCIIEPT'YIOUOI'O ATEHTY BYTJIELHIEBUX MATEPIAJIIB
byraitoBa K., Byrenko O., Yepuum O., TBepaoxi6 B.,

XomeHko B., bapcykos B.

ABTOpPH HeCYTh BIANIOBIIaJIbHICTD 32 JOCTOBIPHICTH Ta
YHIKAQJIBHICTH MaTepiany, AKMA 0yJ10 HUMHU MOAAHO.
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INTRODUCTION

Scientific symposiums in universities are platforms for sharing the results of
scientific research of students and graduate students, scientific discussions, the
formation of new areas of research. Therefore, in May 2016, under the auspices and
sponsorship of the International Society of Electrochemical (ISE), was organized the
First ISE Satellite Student Regional Symposium on Electrochemistry in Ukraine.

In May 2017, April 2018 and May 2019, this tradition was continued by the
organization of the 2nd, 3rd and 4th ISE Satellite Student Regional Symposium on
Electrochemistry in Ukraine "Prospective Materials and Processes in Applied
Electrochemistry”. An important feature of the 3rd and 4th Symposiums was that
some of the reports of a material science nature were published in the journal
“Materials Today. Proceedings”, which reffered in Scopus and WoS. Materials of
fundamental and technological nature are published in the Annual Collective
monographs, which reffered in the Google Scholar.

COVID-19 pandemic brought changes in the V ISE Satellite Student
Regional Symposium on Electrochemistry in Ukraine **Advanced materials and
processes in technical electrochemistry', dedicated to the 90th anniversary
KNUTD and the Department of Electrochemical Energy and Chemistry. It was
shifted from May 18th, 2020 to October 21st, 2020 and was held by mean of video
conference. Despite the difficulties, the V Jubilee Symposium was a successful, and
its materials are published in this Monograph. The Collective Monograph includes
the following key directions of applied electrochemistry: Electrochemical power
sources (part 1), Electroplating (part 2), Corrosion protection (part 3),
Electrochemical sensors (part 4), Modern electrochemical and related technologies
(part 5). The monograph could be useful for a wide range of lecturers, scientists, PhD
students, holders of a master's degree and students of universities, engineers and
technicians of various electrochemical enterprises.

Prof. Dr. V. Barsukov
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BCTVYII

HaykoBi cuMMo3iyMH y BHUIMX HAaBYAIBHUX 3aKJIa/aX € MalJaHYMKaMU JJIs
ONPWIOJIHEHHSI Ta ampoOallii pe3yJabTaTiB HAayKOBUX JOCHIKEHb CTYACHTIB Ta
acmipaHTiB, HAyKOBUX JHUCKYyCi, (OpMyBaHHS HOBUX HAaMpPSIMKIB HAyKOBHUX
nocimimkerb. Tomy B TpaBHi 2016 poKy, Mg €riior0 Ta CIOHCOPCTBOM
MbikHapoaHoro enektpoxiMigaoro toBapuctsa (MET) 6yB opranizoBanuii [lepimii
Perionansuuit  CatenmitHuil  ctyneHtcbkuil cumnodiyMm MET 3 enekrpoximii B
Vkpaini. Y tpaBni 2017 p., kBirHi 2018 p. ta TpaBni 2019 p. ug tpaguuia Oyna
IPOJJIOBKEHA opraHi3aili€lo 2-ro, 3-ro 1a 4 Perionanmsaux CaTemTHUX CTYACHTCHKUX
cumnosiymiB MET 3 enexkrpoximii B Ykpaini "[lepcriekTuBHI MaTepiajii Ta IpOLECH
B IPUKJIAAHINA enekTpoxiMii". Baromoro oco6muBicTio 3-ro Ta 4-ro CUMIIO31yMiB € T€,
0 4YacTHHA JOIMOBIIEW MAaTEpilallo3HABUYOTO XapakTepy MyOJIKYeTbCS B KypHal
“Materials Today. Proceedings”, sikuii pedepyerbes B 6a3ax manux Scopus i WoS.
Marepianmn (pyHIaMEHTAILHOTO 1 TEXHOJOTTYHOTO XapakTepy IMyOJIKylOTbCS B
MIOPIYHUX KOJIEKTUBHUX MOHOTpadisx i pepepyrothes B 6a3i nanux Google Scholar.

[MTanpemis Covid-19 BHeca CBOT KOPEKTHBH y IPOBECHHS V CTYyI€HTCHKOT 0
CATEJIITHOI0 PerioHaJabHOro cumMmnosiymy MixHapoanoro EJekrpoxiMiuHOro
Tosapuctsa «IlepcrieKTHUBHI MaTepiaJH Ta MPOLECH B TEXHIYHIN eJIeKTPOXIMID»,
npucssiueHoMy 90-piuuro KHYT/I 1 kadenpu enekTpoxXiMIiuHOI €HEPTEeTUKU Ta XiMii,
MPOBENICHHS sIkoro Oyno mepeHeceHo 3 18 tpaBHs 2020 ma 21 sxoBtHsa 2020 1
OpOXOAWIO B pexumi BimeokoHdepeHii. He 3Bakaroum Ha CKIQJIHOII,
V 1oButeliHuil CUMMO3iyM yCHIIIHO BigOyBcsi 1 HOro Marepiaiu MyOJIKYIOThCS B
nanii monorpadii. Monorpadis MICTUTh 5 YacTUH 3a HACTYIMHUMH KIIOYOBUMU
HanpsIMKaMU TPUKIIAIHOT €NeKTPOXIMIl: eeKTPOXIMIUHI JKepena CTpyMy (4acThHa
1), rampbBaHOTEexHIKa (YacTMHA 2), 3aXUCT MeETaNiB Bil KOpo3ii (dactunHa 3),
SJIEKTPOXIMIYHI ceHcopu (dacThHa 4), CydacHi €JEeKTPOXIMIUHI Ta CIOPIIHEHI
TeXHOJIOTT (dacTrHa 5). MoHorpadis Moke OyTH KOPHCHOIO IS IHPOKOTO KOJa
BUKJI/IauiB, HAyKOBLIB, AacIIpaHTIB, MaricCTpiB Ta CTYACHTIB YHIBEpCUTETIB,
IH)KEHEpIB Ta TEXHIKIB PI3HUX €IEKTPOXIMIYHUX BUPOOHHUIITB.

Jl-p ximiunux nayk, npog. bapcyxos B.3.
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DEPARTMENT OF ELECTROCHEMICAL POWER
ENGINEERING & CHEMISTRY KNUTD - THE FOLLOWER OF
DEPARTMENT OF CHEMISTRY: 90™" ANNIVERSARY

Borysenko Yu.V., Barsukov V.Z.
Kyiv National University of Technologies and Design

The article examines the connection and continuity of the ninety-year history of the
department with the current state and prospects of its development. The historical-
genetic method is applied. It is shown that the educational and scientific activity of
the department throughout the 90-year history has met the needs of society and the
state. In the modern realities of multidisciplinary development of the national
university on the basis of the general department of chemistry in 2000 the specialty
"Technical electrochemistry” was licensed and the name of the department was
changed to the department of electrochemical energy and chemistry. For the last 20
years, the department has been successfully training bachelors and masters of
electrochemistry. It is shown that the further development of scientific and
educational activities of the department meets modern world requirements, as
evidenced, in particular, by the successful annual (since 2016) on its basis the
International ISE student satellite regional symposium on technical electrochemistry.
Key words: KNUTD, Department of Electrochemical Power Engineering and
Chemistry, higher education, educational and scientific activity.

KA®EJIPA EJJEKTPOXIMIYHOI EHEPTETUKH TA XIMII
KHYT/] - HACTYIIHUISI KA®EJIPH XIMII:
90-PIYHUM IOBLIEM

bopucenko FO.B., bapcykos B.3.
Kuiscoruti hayionanvHutl yHigepcumem mexHono2iu ma OU3auHy

B ctarTi focaimkeHo 3B’ 130K 1 CMIaJKOEMHICTh J€B’ THOCTOPIMHO1 icTOpil Kadeapu 3
CYy4aCHUM CTaHOM 1 IEPCIIEKTUBAMH 11 pO3BUTKY. 3aCTOCOBAHO ICTOPUKO-TEHETUIHUI
meton. [TokazaHo, 10 OCBITHS Ta HayKOBa ABUIBHICTH Kadeapu npoTsarom Beiei 90-
pIMHOI ICTOpIl BiANOBigala NoTpedaM CYCNUIbCTBA 1 epkKaBu. B cydacHux peanisx
OaratonmpoiIbHOTO  PO3BUTKY  HAIIOHATLHOTO  YHIBEpCHUTETy Ha  0asi
3arajbHOOCBITHROI Kadenpu ximii B 2000 pormi Oyna JileH30BaHA CHEMIATBHICTD
«TexHiuHa enekTpoXiMis» 1 3MIHEHO Ha3BY Kadenpu Ha Kadeapy eNeKTpOXIMIYHOT
eHepreTuk Ta Ximii. [IpoTsrom octanHix 20 pokiB Ha Kadeapi YCHIIIHO
3MIMCHIOETHCS TATOTOBKA OakajgaBpiB Ta MaricTpiB-elekTpoxiMmikiB. [loka3zano, mio
NOJAJBIIMA PO3BUTOK HAYKOBOI Ta OCBITHBOI AINIBHOCTI KadeApH BIIMOBILAE
CydaCHUM CBITOBUM BHMOTaM, TPO WIO CBITYUTH, 30KpEMa, YCIIIIHE MMIOPIUYHE
npoBeneHHs (3 2016 poky) Ha i1 6a31 MbkHapoaHUX ISE CTyI€HTCHKHX CaTENITHUX
pErioHaIbHUX CUMIIO31yMIB 3 TEXHIYHOI EJIEKTPOXIMIi.
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Karwuosi caoBa: KHYT/I, kadenpa enekTpoXiMidHOI €HEPTeTUKH Ta XiMii, BHINA
OCBITa, OCBITHS Ta HAYKOBA JIISIIbHICTD.

KuiBchkuil HalllOHAIBLHUI YHIBEepcUTET TexHoJoTi Ta au3aitny (KHYT/) — ue
OaratonpouIbHUI  HAaBYAIbHO-HAYKOBO-IHHOBAI[IMHUN KOMIUIEKC 13 IIUPOKO
PO3BUHEHOIO HPPACTPYKTYPOIO 1 Cyd4acHOIO0 MaTepialbHO-TEXHIYHOI0 0a3010, SKUN
3AIMCHIOE ~ OararopiBHEBY  MIATOTOBKY  KBaT(PIKOBaHHMX  (axiBI[IB  PIBHHUX
CIeliaTbHOCTeW. YHIBepcureT € (rmarmMadoM y cdepi MATOTOBKHA (PaxiBINB IS
rajxy3ei JIerkoi Ta XIMIYHOI MPOMMCIIOBOCTI, HAYCTPii MOau, O13HECY, XYA0KHBO-
TEXHIYHOTO MOJIEMIOBAHHA Ta JHW3aliHy IPOMHCIOBUX BHUPOOIB, MHCTEIITBA,
EKOHOMIKH Ta TIOOYTOBOTO CEPBICY, IopUCTpy/eHIil Ta H. Lle oaun 13 HalicTapimX B
VYkpaini 3aknajiB BUIIOI OCBITH TexHOJOTMHOTO mpodumo, skuii B 2020 pomi
CBIATKY€E 90-piuHui 10BUIEH. YHIBEpCUTET Ma€ HU3KY YHIKaIbHUX HAYKOBHUX IIKUI, SIKI
3AIACHIOITh HAYKOBO-IHHOBAIIMHY ALUIBHICTH 1 BU3HAHI K B YKpaiHi, Tak 1 3a ii
MEXKaMHU.

KuiBchkuil HalioHATLHUN YHIBEPCUTET TEXHOJIOTIN Ta [uU3aiiHy 3acHOBaHO 17
kBiTHT 1930 pokxy Hakazom Bwumoi paagm HapomgHoro rocmomapctBa Nel240 sx
[HCTHUTYT MKipsHOT TIpoMmcioBocTl. 3 1944 poky BiH HOocuB Ha3By KwuiBCchkuit
TEXHOJIOTTYHUN IHCTUTYT Jerkoi nmpomuciaoBocTi (KTIJIII); 3 1993 poky — JlepxaBHa
akazgemist Jierkoi mpomuciioBocTi Ykpaiau (JJAJIITY); 3 1999 poky — KuiBchkmii
JepKaBHUM yHIBepcHuTeT TexHosorii Tta am3anny (KAYT/); 3 2001 poky —
KuiBchKuil HalllOHATLHUHN YHIBEpCHUTET TeXHOJIOTiH Ta au3ainy (KHYT/) [1].

IMocTaHoBKa 3aBIaAHHSA

BuBuennss Ta  y3aralbHEHHS  JeB’STHOCTOpIMHOI  icTopii  Kadempwm
SNIEKTPOXIMIYHOT €HepreTHKu Ta XiMii — HacTymHuil kKadenpu ximii KHYT]] 3a
JOIIOMOTOI0 ICTOPHKO-TEHETHIHOTO METOIy [2].

Pe3yabTaTil 10OCHaIIKEHHS

Ilin wac oprausamii KwuiBCbKOTO  IHCTUTYTY  HIKIPSHO-B3YTTEBOT
npomuciaoBoctiB 1930 poui 0y/ji0 CTBOpeHO 3arajibHOOCBITHIO Kadeapy ximii. 3

1944 no 1985 poku BoHa HOcwia Ha3By «Kadenpa 3aranpbHo1 Ta aHATITHIHOT XiMii»,
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B cepmri 2000 p. Ha 6a3i 3araapsHOOCBITHRO1T Kadenpu XiMii Oyia JIeH30BaHa
cremianbHICTh «TexHiaHa enmektpoxiMiny. B 2011 p. BigkpuTo cremiaaizaIiio
«EnexTpoxiMidHa eHepreThka Ta ekoOe3mneka». B 3B'sa3ky 3 1muM kadeapa OTpuUMye
Ha3By «Kadeapa enekrpoxiMigHOT eHEpTETUKH Ta XiMii». B TenepimmHiit yac kadeapa
€ OJHOYACHO 3arajbHOOCBITHHOIO 1 BHUITYCKalOUOI Ha (HaKynbTeTI XIMIYHUX Ta
0ioapmaneBTHUHUX TEXHOJOTI. Micit kadeapu - MATOTOBKA BHUCOKOKIACHUX
GdaxiBIiB 3a MNPIOPUTETHUMH HANpPSIMKaMH CBITOBOTO PpO3BUTKY: aBTOHOMHA
CIIEKTPOXIMIYHA EHEPTETHKA, CIEKTPOXIMIYHI TEXHOJIOTHl B MPOMHCIIOBOCTI Ta B
CKOJIOT1i (ocBitHa mporpama "TexHIUHA EIEKTPOXIMII Ta EJIEKTPOXIMIYHA
eHepreruka', cnemianbHICTh 161 «XiMidHI TeXHOJOTI Ta ImKeHepis»). [IpoTarom
octanHix 20 pokiB Ha Kadeapl yCHIIHO 3IMCHIOETHCS MIATOTOBKAa OakangaBpiB Ta
MaricTpiB-eJIeKTP OXIMIKIB.

Takum umaOM, B 2020 pomi kadenpa eNeKTpOXIMIYHOT EHEPTETUKH, SK
HACTYMHUI Kadeapu xiMii, pazoM 3 KHUIBChKMM HaIlOHATLHUM YHIBEPCHUTETOM
TEXHOJIOTIH Ta Ju3aiiHy CBITKye cBid 90-piunuii roButeit! Ha pucynky 1
NPENCTABICHUI HAayKOBO-TIEAArorHuil ckian kapeapu. 75 % BUKIagadiB MarOTh
HAYKOBI1 CTEMEHI; TOTYIOThCS 10 3aXUCTYy JOKTOpChKOi aucepTaui B.I'. XomeHnko 1
KaHauaarchbkoi qucepraii acmipanTt O.0O. byreHko.

Bixu cnaBetHoi icTopii kadeapu npeacrtanieHl B Tadbmuml 1. 3 Tabnuiil BUAHO,
mo B a0Ji kadeapu BigOmiacs BCs ICTOPIL HAWIOI KpaiHU: CEMUIECATHPIIHUMA
BUIPI3OK 1ICTOPI paAsHCHKOrO Mepioay: AOBO€HHI yacu, Jlpyra cBiTtoBa BiiiHa,
NOBOEHHA BiIOY0Ba, MEPIOJ «3aCTOIOY, «mepedyaoBay, pyiiHyBaHHs PansHchKoro
Coro3y Ta He3alexHicTh Ykpainu. Tpeba 3a3HauuTd, M0 B PaAASHCHKI Yacw,
HE3BAKAIOUM HA >KOPCTKE IUIAHYBaHHS 1 KOHTPOJIb BCIX BUAIB ALUIBHOCTI 3 OOKY
Jep>KaBM, BHKIJIaJadi, HAyKOBII 1 CTyAeHTH Kadeapu OyiaM Ha NEpeIHbOMY Kpai
CYCIIUTLHOTO 1 MPO(ECIHHOTO KUTTS, 3aXUINAIM 1 BUIPOUKYBAIM PIIHY 3€MITIO.
Buknanadi ruiekany, BUXOBYBAIM CTYIEHTCHKY MOJIOAb — IHTENEKTYallbHY €JITY
CYCTUIbCTBA, HAMAraJkCs MPOBOJUTH JOCIIKEHHS Y HAHOUTBIIT aKTyalbHUX TaTy35X

HapOJHOTO TOocCIojapcTBa. Mu nam’sitaeMo 1 30epiracMo IMEHa BCIX BUKIIAAA4YiB 1
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CIBPOOITHUKIB Kadeapu, TOMY IO XOPOIIWH, TBOPYHMM KOJEKTHB — 3amopykKa

TUTAHOT TISITEHOCTI OYAb-KO1 YCTAaHOBH YH MIIPO3ILTY.

BAPCYKOB KPIOKOBA MAKEEBA XOMEHKO
B'suecias Oaena AnarouiiBua  Ipuna CepriiBHa Bosoqumup
inoBiiioBHY, K.T.H., JIOUEHT, K.X.H., TOLECHT I'puroposny 5
A.X.H., Ipocecop, 3aCTYIHHK JICKaHa KM, - TIDOBVIHEM
sapityBad KadespH ¢ty XBT HayK. CIIIBPOOITHUK

BYTEHKO BOPUCEHKO KHNCJIOBA TKAYEHKO
Oxkcana Oaexcan- IOuis Oubra Ouexcanap

JpiBHA, acmipant, BoaoaumupiBHa BoJsiopumupiBHa BausepiiioBna
cekperap Kadenu K.T.H., TOUEHT K.0.H., JTOIIEHT K.X.H., JOLEHT

TBEPIOXJIIB AHJIPEUIIEBA MEIBEEBA

Biktop Crenanosnu  Mapuna Oxcana BacuiiBHa Ceirnana IOpiiBHa

K.T.H., JOIICHT B'siueciiaBiBHA K.T.H., CTapIIHHA 3aB. J1abopaTopisiMH,
ACHUCTCHT HayK. CHIBPOOITHUK ACHUCTEHT

Puc. 1. HaykoBo-miegaroriaauii ckiaaa kadeapy eIeKTPOXIMIIHOT EHEPTETUKH Ta
ximii KHYT/T (2020 pik)
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3 onepkaHHAM YKpaiHOIO HE3AISKHOCTI Ta JEpKaBHUM KypcOM Ha
€BPOIHTETPAIII0 TEepPel KOJEKTUBOM KaeapH BITKPWIMCS IMPOKI MOKIUBOCTI HE
TUTLKH JIJIT TBOPYOI pearizallii, a TakoxX 11 moOya0BH (pyHAaMEHTY 11 iICHYBaHHS
ABTOHOMHOTO YHIBEPCHUTETY IMUIIXOM OJiep KaHHS (hIHAHCOBOI aBTOHOMIi 3a paxyHOK
BUKOHAHHSI CUCTEMHHMX JIOCIKEHb B aKTyaJIbHUX IS CBITOBOI HayKH HalpsMKax,
30KpeMa, B raiay3i eJICKTPOXIMIYHOT €HEPTreTUKH Ta 3aXHCTY Bil €JICKTPOMArHITHOTO
BUIIPOMIHIOBaHHS [3].

YoTupu pOKM TOMY MM 3aMOYATKyBaJM UYAOBY TpPaIuLll0 — Yy paMKax
cBITKyBaHHA JIHa Hayku B Ykpaini B TpaBHi 2016 poky y dopmarti cmiBmpari 3
Mbikaapoguum  Enextpoximiuaum — ToBapuctBom  (ISE) OyB  mpoBencHwMi
nepumii ISE cTyneHTChkuii cateniTHUi perioHanbHUM cumnosiym «llepcrnekTuBHi
Marepiaiy Ta MpOIECH B TEXHIYHINA enekTpoximii». Tpanuiis Oyna mpoAoBKeHa B
tpaBHi 2017 poky, kBitHi 2018 poky, TpaBHi 2019 poxky i:x0BTHI 2020 pOKYy.

Ile n03BOMMIIO y4acHMKAM Kpalle O3HAHOMUTHUCS 3 Cy4YaCHUMH 3a7adyaMu 1
JTOCSATHEHHSMH B 00JacTi eIeKTpOXiMii, MO3HAMOMHUTHUCS OCOOWCTO 3 BHIaTHUMHU
eNICKTPOXIMIKaMU ~ YKpaiHM Ta 3apyODioKs, MNPEICTaBUTH CBOi JONOBIAL 1
OmyOJIIKyBaTH CTaTTi B KOJEKTUBHUX MoHorpadisx 2016-20 pp.  Baromoro
ocobmuBicTiO llI-ro ta IV-ro Cumno3iymiB € Te, 10 YacTUHA JOTOBiAEH
MaTepiaio3HABUOr0 XapakTepy IyOJIKYETbCS y CHEUIAIbHUX BHUITyCKaxX >KypHaly
“Materials Today. Proceedings” [4].

[Mangemis Covid-19 BHecsa CBOT KOPEKTUBHU Y IPOBeEHHS V CTYJIEHTChKOTO
CaTeJITHOTO  PErioHaAIbHOTO  cuMMo3iymy MuikHapoaHoro EnekTpoXiMidHOTO
ToBapucTBa «IlepcniekTrBHI Marepianu Ta nporecu
B TEXHIYHIA enekTpoximii», mnpucBaueHoMy 90-piuuto KHYTI 1 xadenpu
eJIEKTPOXIMIYHOT €HEPreTUKH Ta XIMii, MPOBEAEHHsS SIKOro OyJo nepeHeceHo 3 18
tpaBHs 2020 Ha 21 >x0BTHA 2020 1 MPOXOIUIIO B peXUMI BileoKOH(pEpeHIil (IUBUCH

pucyHku 2-3).
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Ta6auus 1. Bixu icTopii kadenpu eneKTpoXiMIIHOT EHEPTETHKHU Ta XIMii —
HACTYyIHHIN Kadenpu ximii

Iepion | 3aBinyBau HasBa JAucuuniinu, CuiBpo- Hanpsamku
kad eapu kad eapu 110] oiTHnku kadeapn HAYKOBHX
BHUKJIAJATUCH AOCTiNKEeHb
Ha kadeapi
1930- nipodecop Kadenpa | 3aranbHa, JTOII. Ximis Ta
1935 KotoB M.II. | ximii Heopraniuna, | @oxna H.C., TEXHOJIOTs IIKIPH
OpraHiyHa, Po3pobka HOBOTO
1935- JOICHT dbBUYHA, JIO1I. JIEIIEBOTO
1937 dokina KOJIOimHA ®oxin A.C., nyouTens,
H.C. XiMii, XIMiT Ta bynBHUIITBO
TEXHOJIOTIs JIO1I. KUiBCHKOTO
1937- | moment HIKIpU IocnexoB JI.A., YKpilipaiiony,
1941 ®okin A.C. poGora Ha
3aB. 71a0. XpOMITIKOBOMY
bynanxe I.H. i
1941- npodecop Kadgenpa 3arajibHa yratie 3aB0A,
o . Topgo- Ta
1944 Koros M.II. | ximi XIMIf, 'p(fpo }
» N ac. Kan LL.H. JICO3aroTIBIIAAX, Y
BiifHA SKICHUH Ta .
.. . ac. JlenupoBa A.M. | mmuTari, 301p
KUTBKICHU T .
. Bpoxato B OMCBHKIH
aHanB )
o0J1acTi,
PO3BaHTaXKyBaHHS
CILeTIOHIB 3
BYTULISIM
1944- npodecop Kadenpa | 3aranbHa, JIOLIEHTH [loBoenna
1948 Kyasoepr 3araJibHOi | HEOpraHMIHA, Ansrepson I'.C., BinOymoBa
JIL.M. Ta aHall- OpraHiuHa, JlennboBa A.M., HCTUTYTY Ta
THYHOI ¢dbBuYHAa, bynanxe IL.H., Kwuesa; Po3poOka
XiMil KoJIOiMHA XiMii | abopaHT HOBHX METOIIB
CurrkiBebka K.T. aHaIBY
(HamiBMIKpO- Ta
eKCITpec-MeTO/IH,
1948- npodgecop JIOLIEHTH .
KparnensHun
1961 Typuenko Ansrepson I'.C., aHanB) 3
S Byﬂa.Hme LH., BIPOBAIIKEHHSM Y
®doxmna H.C., 32BOICHK
VYpusko B.I., acuc. ..
nabopaTopii s
JlenqunoBa A.M.,
KOHTPOJIO
Mensauk I'.A., .
TEXHOJIOTTIHUX
ApTI—OX. ASL, MPOIECIB Ta SIKOCTI
Kenwpic €.0., mpoyKIii

Moiceenxo A.H.,
71a0-1 Xuma I'.®.
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Ilepion | 3aBinyBau Ha3ga JAucuuniinu, CniBpo0iTHUKH Hanpsimku
kad eapu kadeapu 110] kad eapu HAYKOBHUX
BHUKJIAJATUCH AOCTiIZKe Hb
Ha kadeapi
1961- npodecop JOTICHTH Po3pobka meToniB
1971 denoceen Anstepson I'.C., SIKICHOTO Ta
IL.M. bynanxe L.H., KUTBKICHOTO
®oxkina H.C., aHanBy 3
Ypusko B.L, BUKOPHUCTaHH M
JlequroBa A.M., pEeaKTuBiB Ha
Hyxota B.A., rnarepi,
MapueBcbka
KO.M., ct. BuKIL JOCITIKEHHS B
Menbuuk [".A., rajy3i KUTbKICHOTO
Hlenxoruisic T.K., | ememenToopraniu-
Yeycosa B.IL, ac. | HOro ananiy
Octposceka T.C.,
IMenenena JI.I.,
Hikonsebka HO.B.
1971- 3acmyxe- Kadenpa | 3aranpHa, JIOLIEHTH: Hanpsmox
1975 HUM 19 3araJibHOi | HEOpraHMIHa, Hyxota B.A., «OTpumMaHHs 1

HayKd 1 Ta aHaJTi- aHaAJITHYHA, Ocamunii B./., JOCTHKCHHS

TEXHIKH, TUYHOI ¢BuyHa, MapueBcbka BJIACTUBOCTEN

nipodecop XIMil KOJIOiTHA IO.M,, MOJIypEeTaHOBUX

IOp:xenko XM, Ilerrenena JLI., JIATEKCIBY;

O.1. KUTbKICHU I l'ony6es A.B., Oyn0 CTBOpEHO
aHais; X0JI0IKOBCHKA MOJIypeTaHOBI1
¢Buko-xiMiuHi | A.B., JIATEKCH
METOIU Kymnpiit B.3., CHeIiaTbHOTO
anany; ximis | Kprokos B.B., MpU3HAYCHHSI.
JULST Ka6um I'.M.,

MATOTOBYOIO Hanimara I'.B., 3axuIeHo
BiIIUICHH S 3 KaHIMIATCHKI
CT. BUKIIagaul T CepTaIlii,
Hlenxomusaic T.K., | omybnikoBaHO
Yeycona B.IL., OUTBIII
AHicTpaTeHKO 30 HaykoBHX
A, npatb, OTPUMAHO
Uexoscrka JI.M.; 10 aBTOpCHKHX
ACHCTCHTH CBIIOIITB.
Octposceka T.C.,
Hikonscpka 1O.B. VY aockoHamtoBa-
JIMCSI METOIN
eJIeMeHTOpra-

HIYHOTO aHaIBYy.
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1975- npodecop Kadenpa | mo HaBemeHUX
1988 MaTkoBch- | 3arajlbHOI | BHIIE
kuii K.I. Ta aHaIl- TV CLIM ILJTIH
TUYHOI J01an0cs
Ximii BUKIAIAHH S
Opra”igyHo1
XIMil
1987- npodecop Kadenpa
1988 IoasikoB XiMil
B.M.
1988- npodgecop Kadenpa 14 ximiaHMX
1998 TI'onyoes Ximil U CLMILIIH IS
A.B. 13 cnemiab-
HOCTEN
HCTUTYTY

B pBHi poku 1poro
nepioay:

npo¢. [myOim
ILA.,

JIOIICHTH ;
Crpoxkanb A.IL.,
Hyxora B.A.,,
Ocamuuii B./I.,
Kympiit B.3.,
I'puropenxo A.O.,
Kabwum I'.M.,
Hanimaria I'.B.,
Hanunko I'.B.,
Jlobomina A.IL.,
Kproxos B.B.,
Teepmoxnio B.C.,
bormanos I'.T".,
ITanpueBcrka T.A.,
Jamkosceka O.B.,
CT. BHKIL.
Octposceka T.C.,
YexoBcohka JI.M,
Kypunwxo I'.I".,
ACHCTCHTH
Hixonscrka 10.B.,
Annpeesa JL.T.,
MaknakoBa A.B.,
3aB.
1a00paTopBIMHU:
Cwmoisaebka O 4.,
Kappanpka A.B.,
Herrsp b.H., cT.
1a00paHTH:
baiinynina I'.0.,
bopucenko 10.B.,
[Tomykaiisio B.M.,
AwnanneBa JI.A.,
Mensenera C.1O.,
Hazaposa C.O.,
KaraeBa T.T.,
Benuxka €.11.,
CKIIO/TYB
TrottonHukoB B.B.

VY ockoHaaeHH
HOBHX METOLIB
CHUHTE3y Ta
XIMIYHOTO aHalIBy
MOHOMEpIB Ta
oJiMepiB
(momiypeTaHOBi
BOJIHI Iucriepci
JUIST HETKAHUX
MaTepiaiiB);
JOCITIIKEHHS 110
npobJieMax BUIIOT
IKOJIA, poboTa B
HayKOBO-
METOINYHIN
komicii MiHBY3y
YPCP 3 ximii

OTtpumMaHHA Ta
BUBYCHHS
KOMILIEKCHUX
OaKTepUITUTHUX T
GyHTITUTHUX
CTIOJIYK JUUIsl TKAHUH
(MenuyHi
TEXHOJIOTi)

Pecypcozoepe-
KCHHS Ta
KOMITJICKCHA
nepepooka
BIIXOIIB JIETKOI
MTPOMUCIIOBOCTI,

Haykoso-
METOANYHI1
npoOiIeMu BUIIOT
LIKOJIN

Buxonanas
TePKOIOKETHUX
Ta TOCIJIOTOBIPHUX
poofr.
Briposakxeno

9 mareHTiB Ha
BUHAXOH.
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Ilepion | 3aBinyBau Ha3ga JAucuuniinu, CniBpoOiTHUKHT Hanpsimku
kad eapu kad eapu 110] kad eapu HAYKOBHUX
BHUKJIAJATUCH AOCTiIZKe Hb
Ha kadeapi
1998- 3acnyxenuit | Kadenpa Ximist; B piHi poxu niroro | HaykoBa
no TS HAYKA 1 | €JICKTPO- 3aranbpHa Ta Tepioay mkoJsa: Oynaamen
Tene- TEXHIKH, XIMIYHOT HEOPT. XM, MpaLlOBAJIN: TaJIbHI Ta
pimHiA | mpodecop eHepretuk | @BuvHA Ta MIPUKIIATH]
qac BapcykoB U TaXiMil | KoJlojnHa npo¢. [myOim eJIEKTPOXIMIYH 1
B.3. Ximist; ITL.A., mpod. JOCIUDKEHHS Ta
Enexrpoximiz; | ['omybe A.B., PO3pOOKH B raysi
AnbTepHaTHBH | JOIEHTH BOrmaHoB | eleKTponpoBiTHUX

1 €TIEKTPOXIM. 1
cucrtemu; OB.-
XIM.1 METOU
pu po3poOIri
aKxT.
MarepiajiB
X C; XimiaH1
TEXHOJIOTTL,
Teopia
MpoIIeCiB Ta
SIBUIII,
Metononorist
Cy4acHUX
HayKOBUX
JTOCTIDKEHD;
3ar. Ta Heopr.
XIMIS;
KoncTpykuiith
1 Marepianu Ta
crioco0u
3aXHUCTY Bil
KOPO3ii,
IIpoekryBanHs
Ta
YCTaTKyBaHHS
XIM. Ta
EJIEKTPOXIM.
BUPOOHUIITB;
Texuomnorii
EJIEKTPOXIM.
BUPOOHUIITB;
Enexrpoxim.
3aXHCT

I'.T"., Kptokos B.B.,
Kympiit B.3.,
Ocamunii B.J1.,
Juci B.I.,
KprokoBa O.A.,
Bbopucenxko 10.B.,
Makeesna I1.C.,
Xomenxo B.I'.,
Kucnosa O.B.,
Teepnoxni6 B.C.,
Tkauenko O.B.,
ACUCTCHTH

Cenuk I.B.,
Karanmmnacbkuii
A.C., byrenko
0.0., AagpeiineBa
M.B.,

Yepuuw O.B., 3aB.
1ab. MenBeeBa
C.1O., Hazaposa
C.O.,crT.
nabopaHTH
baiinynina I.0.,
IBanens JII.,
KocTrokiBchka
K.IL.,

MaicTp BUPOOH..
HaB4. [lequeHko
oM.,

MaeBcokuii B.B. ta
IHIIIL

MOJIIMEpiB, HOBUX
KOMITO3UTIB Ha
OCHOBI rpagiry Ta
BYIJICLIEBUX
MaTepiajis,
HEJIOPOTOLIHHUX
MeTaliB —
KaTajxBaTopiB st
JITIEBUX, JIITI-
IOHHHX, METaJI-
MOBITPSIHUX
Oatapeil, maJTMBHUX
€JIEMEHTIB,
CYIEepKOH/ICHCa-
TOpIiB; po3poOKa
JOCTYITHUX Ta
e(PeKTUBHUX
MarepiaiiB s
3aXUCTY Bil
eJIeKTpoMar-
HITHOTO
BUIIPOMIHIOBAHHSI.
Hayxkogi
HANPAMKH:

1. Marepianu s
eJIEKTPOXIMIYHOT
CHEPIeTHKH;

2. 3 moYaTKOM
BIICHKOBUX IIA Ha
cxoni YkpaiHu
(2014 p.) Ha
kadeapi
3aII0YaTKOBAHO
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HAaBKOJIUIHBOT
0 CepeloBUIIa;
CyudacHi
3aco0u aHaniBy
1 KOHTPOJTIO
€J1- XIM.
CHCTEM.

HOBHU HampsiM:
«Matepianu 1
TTOKPUTTS JUIsI
3aXUCTy Bl
eJIeKTpoMar-
HITHOTO
BHUITPOMIHIOBAHH 5D
3. Po3pobka HOBUX
TEXHOJIOTTMHUX
MpOIIeCiB
parfioHaJIbHOTO
BUKOPUCTAHHS
pecypcis,
0e3BIIXOIHI Ta
MAaJIOBIIXOIHI
TEXHOJIOTT,
pekyneparis 1
YTHITBALLIS
BIIXOMIB Ta
KOMITJICKCHA
nepepooxa

CUPOBHUHH.
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Puc. 2. Expan BineokoH(pepeHilii, 371iBa HalpaBo: YJIeH HAYKOBOT'O KOMITETY Mpod.
M. Sckyna (Ilonbma); monosigaui: O. 3adanyeB (KuiB); O. CmupHoBa ta O.
[Tummnenko (XapkiB); gonosint: FO. INanon (Xapkis), O. Kocorin ta A. Kymmmipyk
(KuiB), O. CmupHOBa (XapKiB)



nanoporous TiO, characteristics
experimental details
results

™ TiO,@PEDOT composites

Co (ll) hydroxide
preupltanon process

Drgarimert of g atecil
Wlrainien Stare Uriiveruify.

Puc. 3. Expan BineokoHpepeHiiii, 3J1iBa HalpaBo: T0MOBIAL: nepinii ps: B.
Komto6buncekuii, JI. Jlydencrka (JIbBiB), M. I'ypryn (Kpaki), apyruii psj: P.
[Nanoscwka (Kpakis), M. Conric-Mpo3 (KpakiB), T. Jlichnua ta T. Uukuaa (Kuis), JI.
®ponosa ([uinpo), B. TTukopcekuit Ta O. byker (KuiB), T, Henactina (KuiB)

He 3Baxkaroum Ha ckiamHomn, B po6oTi V-ro, 1oBineiHOTOo CHMIO3iymy
NPUHAHSAJIA y4acTh CTYAEHTH Ta MOJOA1 HaykoBHi 3 Ykpainu, Ilombmm, Yecbkoi
Pecmry6miku, Kuraticekoi Hapoanoi PecmyOmiku, siki mpencTtaisim 18 opranizami,
MoJaHO cTarel Ha myOmikarito 39, cymapHa KUIBKICTh aBTOpIB sSkux 127. Unenu
HAyKOBOT'O KOMITETY BIIMITHJIM BHCOKI 3JJ00YTKH MOJIOAWX HAYKOBI[IB, TIPO IO
CBimUMIM I1iKaBi 1 sikicHI ponoBiml. Ilpod. M. fckyma (Ilompma) 3a3HaumB, Mo He
3BakarouM Ha manjgemito Covid-19 ta popmar Z0OM BineokoHpEpEHIIil, TPOBEACHHS
V CummosiyMy OpraHi3oBaHO Ha BHCOKOMY piBHI, Ta BHKa3aB HaAll0, IO
KOPOHAaBIpYC BIICTYNUTH, 1 VI Cummnosiym, sikuii BinOyaersest B 2021 porri, poiine B
Kuesi, B ctinax KHYT/I.
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BucHoBkH

B mpomeci ictopumuHOTO pO3BUTKY Kadeapa, gk miapo3ain KHYT/I,
pO3BHUBAIACS y BUIMMOBITHOCTI 10 MOTPEO MEBHUX YaciB: Oyia Ha mepeIHbOMY (POHTI
T Yac CTAHOBJICHHS PaASHCHKOT TPOMHUCIIOBOCTI, Yy OypeMHI pOKM BIMHH Ta
COIMIATICTUIHOTO TOCTIOJAPIOBAHHS; 13 OJICp)KaHHAM YKpaiHOI HE3aJIeKHOCTI Ta
JIepKaBHUM KypCOM Ha €BpoiHTerparito. /[ BHKIaga4diB 1 BUIYCKHUKIB BIIKPHTI

MIMPOKI MOYKIIMBOCTI UIs TpodeciitHoT camopean3allii Ha KOPUCTh YKpaiHH.
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ELECTROCHEMICAL POWER SOURCES
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THE EFFECT OF WATER BINDER ON ELECTROCHEMICAL
PROPERTIES OF SILICON OXIDE AS THE ANODE MATERIAL
FOR LITHIUM ION BATTERIES

Krushevskyi O.V.1, Potapenko A.V.23, Potapenko O.V.23
1Kyiv National University of Technology and Design, Kyiv, 01011, Ukraine
2Joint Department of Electrochemical Energy Systems, 38A Vernadsky Ave., Kyiv
03142, Ukraine
3Jiangxi University of Science and Technology, 86, Hongqi Ave., Ganzhou, Jiangxi,
341000, P.R.China

Among new anode materials proposed for lithium-ion batteries (LIBs), silicon (Si)
Is considered the most promising candidate for replacing graphite. It is the second
most abundant element in the earth's crust. This material is environmentally friendly
with an ultra-high theoretical capacity (4200 mAh-g?). However, sharp volume
changes of Si during the lithiation / delithiation process (~ 400%) and the high cost of
producing a nanostructured silicon seriously prevent its wide use [1-3].

Recently, silicon oxides have been considered as promising substitutes for
elementary silicon due to their extremely large reserves, low cost, and ease of
synthesis [4]. In addition, they show smaller volume change upon cycling compared
to elementary Si (~ 200%). Li,O and lithium silicates generated during the first
lithiation process can restrain large volume changes and as a result, improved cycling
stability can be realized. Despite these advantages, silicon oxides also have a number
of shortcomings, viz.:

» silicon oxides are insulators with low intrinsic electrical conductivity, which

reduces their electrochemical activity;

» although the coefficient of volumetric expansion is not as large as in the case

of elementary silicon, its influence cannot be completely excluded;

» the initial Coulombic efficiency (ICE) of silicon oxides is relatively low due to

the irreversible formation of lithium silicates and Li,O in the first cycle.
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Thus, if the solution to the third problem lies in the area of improving the
properties of the material itself (in particular, a number of authors propose to solve it
by the preliminary lithiation of a sample), the first two problems may be directly
related to the microstructure of the electrode, in particular, to the properties of the
binder material.

The use of water-soluble systems for the electrode preparation process allows
creating multiple silicon-oxygen bonds, which prevent mechanical destruction of the
electrode upon cycling and, as a consequence, lead to an increase in the battery
cycling life [5,6]. This paper deals with the electrochemical behavior of silicon oxide
electrodes with various water-based binders.

1. Experimental

Silicon oxide SL450A-SOCQ (IOPSILION, China) was used as an active material
for batteries together with various binders. Sodium carboxymethyl cellulose (CMC),
styrene-butadiene rubber (SBR) (Shandong Gelon Lib Co. Ltd., China) and
polyacrylic latex (LA136D) (Indigo, China). The presence of hydrophilic cyanoamide
groups with high polarity in LA136D made it possible to ensure sufficient bond
strength between the active material, the conductive agent and the current collector.
The adhesion of the anode material to a copper foil was measured with an adhesion
meter HI-0350 (Shanghai Hengyi Testing Instruments Co. Ltd., China).

The electrode mass was prepared by mixing silicon oxide, acetylene black (Super
P, Alfa Aesar), and a polymer binder composition. The silicon oxide: Super P:
polymer binder ratio was 93:2:5 (by weight). Deionized water was used as a solvent
for the binders. After mixing for several hours, the electrode mass was applied to a
copper foil (9 um thick) by doctor blade). The electrodes were pre-dried at t = 80 °C,
compacted with a roller and cut to fit the dimensions of the CR2016 element. The
final drying of the electrodes was carried out under vacuum at a temperature of 120
°C for 48 hours. All LIB assembly operations were performed in a dry glove box. The
humidity in the box did not exceed 1ppm. A 1 M solution of LiPFs in the mixture of
ethylene carbonate, dimethyl carbonate and ethyl methyl carbonate (1:1:1 by mass,

Dongguan Shanshan Battery Material Co. Ltd, China) were used as an electrolyte
32



together with a Celgard 2325 separator. Electrochemical characteristics of half-cells
were obtained in the CCCV mode on electrochemical testing units by Neware
Technology Limited (China). The operating voltage range upon cycling was 0.01-2.0
V. The analysis of the impedance spectra was made on a CHI electrochemical
module (CH Instruments Inc., USA) using a ZPlot software.

2. Results and discussion

LA136D binder is a "sticky" polymer that provides better contact of the material to
the Cu-collector. An increase in the LA136D content of the electrode mass leads to
an increase in adhesion forces between the electrode material and the copper foil.

The initial specific capacity of silicon oxide (Fig. 1) is 600 to 650 mAh-g! at a
current density of 44.7 mA-g1 (the first 5 cycles of lithium intercalation into the
structure of silicon oxide were carried out in two stages: (i) cycles at 44.7 mA-g1, (ii)
cycles at 44.7+ 8.9 mA-g1). In the 1st cycle, the formation of a SEI layer consisting
of oxides, fluorides, and lithium silicates (Li,O, LiF, Li,SiO4, Li;SiOs, LiSi,Os,
LisSi,O7) is observed.

Table. 2. Physicochemical and electrochemical parameters of the electrodes

Binder Q, mAhg? Coulombi  Physical  parameters Average voltage
composi- c of electrode (current density 44.7
tions, % efficiency mA-g)
1-st 5-th in the o, um d, Poro- 5th 15th  75th
first cycle, g-emd  sity,
% %
CMC: 623.34 626.5 86.90 70+2 0.821 2236 0.176 0.199 0.286
SBR (2:3)
CMC: 641.57 647.06 86.40 65+2 0.748 29.30 0.174 0.209 0.281
LA136D
(2:3)
LA136D 595.74 600.37 89.89 70x2 0.733 30.72 0.193 0.223 0.348
(5:0)
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The formation of SEI requires lithium ions, so the coulombic efficiency in the 1st
cycle does not exceed 86-89%. The main parameters of the electrodes are presented
in Table. 2.

In 2nd to 5 cycles, a slight increase in specific capacity occurs indicating a
pretreatment of the electrode material. In this case, the Coulombic efficiency of

silicon oxide in a half-cell increases to 99%.
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Fig. 1. Dependence of the specific capacity of electrodes with different water-soluble
binders on the number of cycle

Next 10 (6! to 15™) cycles have been carried out at a current density of
intercalation/deintercalation of lithium ions of 44.7 mA-g! (without additional charge
at i = 8.9 mA-g1). Here, a sharp drop in the specific capacity can be noted, amounting
at 1.7 £ 0.1% per cycle. A further increase in the current density to | = 89.4 mA-g!
leads to an even greater decrease in the specific capacity, which is 320 to 400 mA-g!
(16t to 25t cycles) when various binder materials are used. Increasing the current
density above 90 mA-g! (at the same charge/discharge currents) is not advisable
since the practical capacity of the material becomes lower than the specific capacity
of the graphite electrode. The subsequent decrease in the current density (I = 44.7
mA-g1) upon cycling (26 - 75 cycles) does not cause a noticeable increase in the
specific capacity. It should be however noted that the decrease in specific capacity
slows down and is 0.4 = 0.1% per cycle. Control cycling (76 - 80 cycles) at the

current density of 44.7+8.9 mA-g1 shows the recovery of specific capacity values to
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590 mA-g1 in the case of the CMC : LA136D binder composition, which allows us to
conclude that the electrode material is incompletely worked through at a high rate of
intercalation of lithium ions. The decrease in the specific capacity of silicon oxide
after 80 cycles is 97, 65 and 60 mA:-g! in the case of CMC: SBR, LA136D and CMC:
LA136D binders, respectively. A sharp decrease in the specific capacity of silicon
oxide can be explained by several factors:silicon oxides are insulators with low
intrinsic electrical conductivity, therefore, with a significant content of
active material in the electrode, it is necessary to use low current densities
when lithium ions are intercalated into the material structure;
+ the particle size of the starting material is very large (52.7 um), which limits
the diffusion rate of lithium ions into the bulk. As a consequence, at the
current density 1>10 mA-g1, an incomplete electrode charge process and a
decrease in specific capacity are observed.

The use of various functional groups in the composition of binder materials makes
it possible to obtain electrodes with a high degree of elasticity, good adhesion and
cohesion of the material, as well as multiple silicon-oxygen bonds. This not only
prevents the electrode from "cracking" during significant volume changes, but also
contributes to its self-recovery.

It was also noted that when using two-stage charge (i = 44.7+8.9 mA-g1) in the
case of SiOy electrodes, higher specific capacities are achieved upon cycling process.
Here, no sharp decrease in the specific capacity of the material after the 5-th cycle is
observed (Fig. 3). The specific capacity values slowly drop with increasing discharge
current density.

Considering the behavior of silicon oxide upon cycling in the cyclic voltammetry
(CV) mode in the voltage range from 0.0 to 1.0V, it can be noticed that a peak at
0.08V in the cathodic area and a counter-peak at 0.35V in the anodic area are
observed corresponding to the intercalation/deintercalation of lithium ions to/from
amorphous silicon (Fig. 3). In this voltage range, the formation of electrochemically
inactive reaction products (Li,O, Li;SiO4, LbSiO3, Li,SI,Os, LisSi,0O7) occurs.
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Fig. 3. CV curves of SiOy electrodes at the scanning rate of 0.1 mV-s-1

Moreover, the appearance and increase of a peak at 0.54 V is observed upon
cycling, which is associated with the deintercalation of lithium ions from the
crystalline phase of LijsSiy at 0.14 V. This process leads to an increase in the
irreversible capacity of the electrode material. In this regard, some authors
recommend limiting intercalation potentials of lithium ions (0.1 V vs. Li*/Li) for
improving the battery life to avoid the formation of a crystalline phase. It is noted that
an increase in the specific capacity of silicon oxide is observed upon cycling at 0.1

mV:-s-1, which occurs more slowly than if the CCCV mode is used. This is associated
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with a high potential sweep rate during the intercalation / deintercalation of lithium
ions, which leads to a partial formation of amorphous silicon in the initial cycles.
Upon cycling electrodes in the CV mode, the amount of silicon involved in the
insertion/ deinsertion process of lithium ions increases.

3. Conclusion

Electrochemical properties of silicon oxide with water-soluble binders have been
studied. It is shown that the use of a combination of CMC and LA136D binder
materials allows saving 90% of the electrode capacity upon cycling for 85 cycles in
various charge / discharge modes. It is noted that increasing the LA136D content of
the electrode leads to an increase in material adhesion. At the same time, this fact
does not affect the specific capacity of the material at a low discharge current density.
It can be concluded that the specific capacity of the material strongly depends on the

magnitude of the intercalation current of lithium ions.
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CYCLING EFFICIENCY OF NANOSIZED TiO. IN LITHIUM
AND SODIUM BATTERIES

Lisnycha T.V., Globa N.I., Shmatok Yu.V., Chykyda T.Yu., Kirillov S.A.
Joint Department of Electrochemical Energy Systems, 38A Vernadsky Ave., 03142
Kyiv, Ukraine

The paper presents the results of studies of nanosized titanium dioxide (TiOy)
samples synthesized by alkaline hydrolysis. The surface properties of the samples
were modified using high-temperature annealing. As a result, samples with a specific
surface area of 80-174 m2/g were obtained. The values of specific capacity in lithium
and sodium cells were determined by galvanostatic cycling method. It is noted that
the nature of the curves obtained, the values of specific capacity and its stability
during cycling depend on the nature of the alkali metal cation and the surface
properties of TiO,.
Keywords: titanium dioxide, surface properties, lithium cell, sodium cell.

E®EKTUBHICTh HUKJIYBAHHS HAHOPO3MIPHOT' O TiO;
B JITIEBUX TA HATPIEBUX /VKEPEJIAX CTPYMY

Jlicamua T. B., I'no6a H. 1., [lImatoxk 1O. B., Yukuna T. 1O., Kupummos C. O.
Mixcsioomue 8i00inents enexkmpoximiunoi enepeemuxu HAH Ykpainu, 6ynveap

Bepuaocvroeo 38a

Hioxcua tutany TiO, BITHOCHUTHCS O €IEKTPOJHHUX MaTepialiB, 0 aKTHBHO
TOCIDKYIOTBCS B JITIH- 1 HATPIM-IOHHUX JDKEpellax CTPyMy, a TakKoX B
cynepkonaencaropax [1 — 3]. Cepen iCHyIOUMX CTPYKTYpHUX MOAu]IKaIid (pyTui,
aHara3, Opykir), TIO2 31 CTpyKTYpOI0 aHaTa3y BBAKAETHCS HAHOUIBII TIEPCIICKTUBHUM
3aBJSIKM BHUCOKIA NPaKTUYHIA MOUTOMIA €MHOCTI Ta 3JaTHOCTI J10 3BOPOTHOIO
uKTyBanas [1, 2].

[lpu po3poOui cuHTE3y Ta MOAM(IKYBaHHS IMOBEPXHEBUX 1 CTPYKTYPHHX
BJIACTHBOCTEH 3yCWIUI PO3POOHHKIB CIPSIMOBAHI Ha OTPUMAHHS HAHOPO3MIPHHX

kpuctamiB T10,. 3MeHIIeHHs po3MmipiB yacTHHOK 102 10 HAHOPIBHS IMiIBHIILYE
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BEJIMYUHY MHUTOMOi €MHOCTI Ta CIPHUSA€ MOKPAIECHHIO HNUKIYHUAX Ta IIBHUIKICHUX
xapakTepucTuk 110, KaToaiB IpH 3apsaKeHHI-po3psaKenHi [4 — 9].

B mireparypHuX mKepenax po3TIBIAAEThCS ACKUTbKA MOYKJIMBUX MEXaHI3MIB
3apsHKEHHS-PO3psKeHHs 3a yuacTio 110, Ta kartiony mykHoro merany (Lit abo
Na*). OauH, i3 3anmpOoNOHOBaHMX MEXAHI3MIB, ITOB’SI3aHUI 3 YTBOPEHHSIM Ha IIEPIIOMY
IIUKJI HEBMOPSAKOBaHOI IapyBaToi cTpykrypu MTIO, (me M — Li a6o Na) 3
HACTYITHUM 3BOPOTHIM (ha30BUM mepeTBopeHHsIM Mbk amopduuM T10; ta MTIO;
pH mojanbinoMy ukiayBanHi [10]. Pe3ynmpraTom Takoro MexaHiaMy € YTBOPEHHS Ha
IpyroMy-tperbomy mukii ctpykrypu Ky TiO2, 31aTHOT 10 ¢TaOUILHOI'O 3BOPOTHOTO
ITUKITyBaHHS.

Jpyruii MexaHi3sM NOB’ i3aHUN 31 3BOPOTHOIO IHTEPKAJISAIIEI0-TICTHTEPKAISAIIIEI0
KaTiOHy JITIFO a00 HATPil0 3 MIHIMAILHAMH 3MIHAMH B MapameTpax KpHUCTATIYHOT
IpaTKy, 110 BiOYBAOTHCS B pe3ybTaTi pa3oBUX meperBopens [11, 12].

PesynbraToM TpeThoro, i3 MOKIMBHX MEXaHB3BMIB, IO PO3TISAAIOTHCS, €
He3BOpoTHA amopdizamis kpuctaiiB T10, Ha mepmoMy IUKII pO3PsITy 3 HACTYITHUM
YTBOPEHHSIM B SIKOCTI KIHIIEBUX MPOJAYKTIB MetaniyHoro tutany, KoO ta K;COj3 [8,
13]. Peanizariiss 0JTHOTO 13 MPEICTABICHUX MEXaHI3MIB BU3HAYA€ K TEPMOIMHAMIYHI,
TaK 1 KiHeTH4Hi xapaktepucTuku 110, B NiTii- 1 HATPI-IOHHUX JKEpEIaXx CTPyMy Ta
3QJICKUTh K B MOBEPXHEBHX 1 po3MipHuX BiaactuBocTell TiO», Tak 1 Bin CKiany
enektpodiry [14].

OkpiM TOro, Ha KIHETHYHI Ta TEPMOJMHAMIYHI XapaKTEPUCTUKU MPOILECIB
BITHOBJICHHSI-OKUCJICHHS BIUIMBAIOTh TaKOX BIAMIHHOCTI B pO3Mipax KaTIOHIB JITIIO
Ta Hatpito. OCKIIBKH PO3Mip KaTioHy Hatpito cyTTeBo Oitbumii (1,02 A), mix karion
mitito (0,76 A), mBukicts TBepaodaszHoi audysii Hatpito B cTpykTypi TiOZ €
CIIOBUIBHEHOIO MOPIBHSAHO 3 TBEPAO(a3HOI0 AUPY3i€r0 JITIHO 32 aHAIOTTMHUX YMOB
IIUKJTyBaHHS.

MakcumansHa BemmunHa matoMol emHocTi TI0,, 335 MAToa/r, 10CATaETHCS
npu yTBOpeHHI crnonyku M,Ti0;, ToOTO 3a ymoBu, mo X = 1. Tlpote
eKCTIEpUMEHTAJIHFHO OTPUMaHa IMUTOMA EMHICTb, SIK TIPABUIIO, € HUKYOIO Ta 3aJICKHUTh
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Bil YMOB IMKIyBaHHS, PO3MIPHHMX Ta MOBEPXHEBUX BiacTuBOcTedl 110, ckimamy
CIIEKTPOJITY, B TOMY YHCJIl HOTO TMHUTOMOI €JICKTPOIIPOBITHOCTI Ta CIEKTPOXIMITHOT
ctabiteHoCTi [3, 4, 15— 17]. Bumeln getadpHO MUTOMY €MHICTH 110, B INTIEBHX
JDKepeNnax CTpyMy BHBUaid B pobOotax [17 — 25]. 3a3HauaeTbesi, M0 3MEHIICHHS
pO3MIpy YaCTHHOK Ta 30UThbIIEHHS TUTOMOiI TMmoBepxHI TiO2 crpuse MiaBHIEHHIO
MATOMOI €MHOCTI Ta ii 30epeKCHHIO B yMOBaxX IUKIyBaHHSI CTPYMOM BHCOKOi
ryctunu [7, 8].

AHAOTTYHO O JITIEBUX JKEPEN CTPYyMY, BIACTUBOCTI YacTHHOK Ti0;
BH3HAYAIOTh HOT0 XapaKTEPUCTHUKH 1 B JPKepesiax CTpyMy 3 HaTpieBUM aHoaoM [7, 8].
3MeHmeHAsT 4acTHHOK 1102 10 HAHOPO3MIPIB JIO3BOJIIE MIABUIMTH OOOPOTHY
NUTOMY €MHICTB Bin 125 1o 135 MAron/r 3a rycturu ctpymy 36,85 MA/T [7, 8].

30UIbIIEHHS TTMTOMOT €MHOCTI Ta ii 30€peXeHHs NpH IUKIyBaHHI TaKOX
MOYKHa JOCATTH ILIIXOoM MoaugikyBanHs moBepxHi 110, cipkoro [26] abo
ByrieneBuMu matepiamamu [27, 28]. Tak, moaudikyBanus nosepxHi TiO, Byrienem
J03BOJISIE OOMEKUTH arperaififo HaHOKpHUCTAIIB Ta KOMIICHCYBAaTH 00’ €MHI 3MIHH 1,
K Ppe3yJibTaT, 3MEHIIUTU AUPY31iHI OOMEXKEHHS Ha NOBEPXHI po3mnoauty ¢as
eNeKTpoa-enekTponr. OkpiM TOro, Jesdkl KoH(irypamii vacTuHOK TiO; Takox
CHPUSIOTH MIBUIICHHIO HOTO MUTOMHUX Ta IIBUIKICHUX XapakTepucTHK [7, 8, 29].

Jlns npuknany, HanoApoTH T102-B marote mutomy emuicTs 150 MATONI/T ipH
20 MA/r [9]. HanokyOu 3 aHara3zy moka3yroTh €eMHICTh 174 MAroxa/r mpu 335 MA/T
[30]. TIutoma ewmHicTh HaHOKpucTamiuHoro 110, 31 CTpyKTyporo aHarasy,
CUHTE30BAaHOTO 3 BUKOPHUCTAHHSM Iariepy Ha OCHOBI IEMIOI03U Ta 30MPOMOKCUITY
TUTaHy, B 3JIeKHOCTI Bill TYCTHHH CTpyMy, MaroTh eMHicTh 150-50 MAroa/r [7, 8].
[Ipu MOpIBHAHHI MUTOMHUX XapaKTEPUCTUK ENEKTPOJIB, 10 CKiIanaThes 3 110 3i
CTPYKTypaMu aHara3y, pyTwiy, a Takox amopdHoro TiO,@C, oTpumaHOro
TEMIIATHUM METOJIOM, OyJI0 TOKa3aHOo, 10 MaKCUMallbHa MUTOMa €MHICTh 295
MAroa/r 3a ryctunu ctpymy 20 MA/T nocsiraetbest it 1107 31 CTPYKTYpOIO aHATa3y
[31]. Takox Bucoki mutomi emHocTi (1o 170 MAroa/r) Oyiao oTpuMaHoO 3
BUKOpHCTaHHAM HaHOTPYOOK TIO,, BkpuTHX Byrienem [32].
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OxpiM CTPYKTYpHHX Ta IMOBEPXHEBHUX XapakTepucTUK 1102, BaKIUBUM €
BIUTUB KOMITIOHEHTIB €JIEKTPOJITY Ha TPOIECH 3BOPOTHOTO 30EpEKEHHS JITIFO 1
HaTpito. EnexTponith moBHHHI 3a0e3meuyBaTd HE TUIBKM HEOOXIIHWUN pIBCHb
CIIEKTPOIIPOBITHOCTI, ajie¢ i OyTH €IeKTPOXIMIYHO CTaOUTLHMUMH B IHTEPBAJIl HAIIPYTH
nukayBadHHsa. KpiM 11boro, BIpHHMA BHOIp CKJIaay €IEKTPOJITY 3 OJHOYACHUM
MOENHAHHAM TIOBEPXHEBUX 1 CTPYKTYpHUX Xapaktepuctuk 110z, chpuse
dbopMmyBanHiO cTabUIBbHOTI TBepaoenekTpositHoi tumBku (TEII) Ha moBepxHi
CIIEKTPOJIHOTO MaTepialy, 3JaTHOI 3aXUCTHTH 11 B CTOPOHHIX peEakKIid 3
KOMIIOHEHTaMH efekTpoiry. lLle 3a0e3meduTh BHCOKY IMHTOMY €EMHICTH Ta ii
cTaOUTBHICTh B YMOBaX IIUKIyBaHHs [14].

He nuBnsiunch Ha 3HAUHY KUIBKICTH MyOJIKalii, MOB’SA3aHUX 3 PO3POOKOIO
METOIIB CUHTE3y Ta Moaudikari BractuBocteld Ti02, TOCTIMKEHHS B3aEMO3B’ 3Ky
MDK MOTO MOBEPXHEBUMH XapaKTEPUCTUKAMH Ta CKIIAJIOM €IEKTPOJITY 3aUIIAETHCS
B MOJi 30py aAochimgHukiB. [tk poOOTM — BU3HAYUTH B3AEMO3B’S30K MDK
NOBEPXHEBUMH BIACTUBOCTAMH HaHOPO3MIpHOTO TiO;, CHHTE30BAHOTO METOAOM
JTy>KHOTO TiAPOJIBY 1 MOJAU(PIKOBAHOTO HNUIIXOM BUCOKOTEMIIEPATypHOTrO Bignaly, Ta
HOTO NMUTOMUMHU XapaKTEPUCTHUKAMHU B JITIEBUX Ta HATPIEBUX JKEpeax CTpyMmy, a
TaKO PO3TJSIHYTH BIAMIHHOCTI B MEXaHI3Max MPOLECIB 3apsIKEHHA-PO3PSIKEHHS
TiO; B niTi€BUX 1 HATPIEBUX CUCTEMAX.

1. MeToanKa eKCepPUMEHTY

Y po6oTi BUKOpHCTOBYBaM 3pa3ku 1102, OTpUMaHi METOJOM JIy)KHOTO
Tipoday BOAHUX po3uMHIB Terpaxiopuny turtany (TiCl) rigpokcumom JiTiro
(LiIOH), BinmoBimHO 10 METOJMKH, 3apONOHOBaHOi Yy poOoTi [17]. Oxeprkani ocaau
MPOMUBAIIM JTUCTUIHLOBAHOK BOAOK A0 pH = 7 ta cynmmm 3a temmnieparypu 150°C
npoTsirom 10 rox. [aii 3pa3ku miggaBaiu TepMidHiA 06poo11i 3a pizHUX ymoB: 350°C
— 4 rox.; 350°C — 26 roxa.; 350°C — 40 ronx.; 350°C — 40 rox.; 470°C — 6 rox. 3a
pPaxXyHOK 3MiHH pEKHMY BIiINaly IOBEPXHEBI XapakrepucTuku 3paskiB TI0;

3MIHIOBAJIMCh.
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dazoBuii CKiIaA CcUHTE30BaHMX 3pa3kiB Ti02 MOCHKYyBaIM METOA0M
pentreHodazoBoro ananidzy (P®A) Ha perrreniBepkiit yctanoBmi DRON 4-07 3 Cu-
Ko BunpomiaroBaHHSIM. Po3Mipu KpucTamTiB BU3HaYamu 3a piBHsSHHAM [lleppepa mo
posmmpenHto mky (101).

Mopdonorito Ta po3Mipu YaCTHHOK BHUBYAIM METOJOM CKaHYHOUYO1
enexkTpoHHOi Mikpockotii (CEM) 3 BUKOpUCTaHHIM €IeKTPOHHOTO MIKpockomy JSM
6700F (JEOL, SAnonis). [lopyBaticTe Ta po3mipu nop BusHavyamu merogoM bET mo
BoTepMaM aacopoOIii-gecopOmii a3oTy, ojaep)kaHuM 3a Temmeparypu 77K Ha
yctanoBIli Micromeritics ASAP 2000 (CILA).

EnexTpoxiMiaHI JOCTIKEHHS MPOBOAMIM B JHCKOBUX €JIEMCHTaX rabapury
2016 3 mitieBUM abo HaTpieBUM aHOAOM. PoOouwmii enekTpoa cCkiamaBcs 3
nocaimkyBaHoro TiO,, eneKTponpoBiqHOT JOMIIIKHA Y BUTJIA I KApOOHI30BaHOT caxi
Super P (Timcal, IIBetiniapis) ta cnosydnuka noniBiHUTIeHAHGTOpUay ([1BID)
Solef 6020 (Solvay, benbris), B3sSTHX y MPOICHTHOMY MacOBOMY CITIBBITHOIIICHHI
85:10:5. Otpumany cyxy CyMill MOPIUISIMU JOAABAIH 10 PO3PAXOBAHOT KUTBKOCTI 7%
po3uuny [IBJI® B N-MeTHIIposioHi Ta nepeMillyBald Ha Millailll 3a MBUIKOCTI
obeptanHs ~2500 o00/xB. VYTBOpeHy OJHOPIIHY CYCIIEH3II0 3a JOMOMOIOIO
aruTikaTopa HaHOCUJIM Ha aMOMIHIEBY (oibry (0 = 50 MKM) Ta CYIIWIN B CYIUMJIBHIN
madi 3a temneparypu 60—70°C 10 mOBHOTO BUIAJIEHHS PO3YMHHUKA. Jlani MOKpUTTS
VIIUIbHIOBAJIM HA BAJbLSAX, MICJSA YOr0 BUPYOYBAIM €NEKTPOJHI JUCKH 3 pOoOOUOI0
wiomieto 2 cM?. ['0TOBI enekTpoau Oe3nocepeqHb0 Mepes CKIaJaHHSIM KOMIpOK
cymmiu y Bakyywmi 3a temreparypu 120°C BnpoaoBx 6 roauH. st 10CHKeHHS
TiO; B JniTieBil crCcTEMI B SKOCTI €IEKTPOJIITIB BUKOPUCTOBYBaM 1M po3unnu LIPFg
(99.9 %, Gelon, China) B cymimi po34uHHMKIB eTmieHkapOonaty (EK, Aldrich,
98 %) Tta aumermnkapbonary (MK, Aldrich, 99 %) 3a ix 00’emHOTO
crmiBBiTHOWEeHHs 1:1. JIns mocnimkeHb B HATpieBil cucTemMi BUKOpHUCTOBYBamu 1M
po3uunu NaBF; B numerunoBomy edipi terpaermienriikomo (TEI'AME, Aldrich,
99 %). B skocTi cemapaTopiB y BUINAAKY JITIEBUX EJIEMEHTIB BUKOPHCTOBYBAIM
noinponuieHoBY 1iBKy Celgard 2400, a y BuUMaaKy HaTpi€BUX €JIEMEHTIB —
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MOJBIMHUN Tap 1enrono3Ho-naneposoro cenaparopa TF 4030 (Nippon Kodashi,
Japan) ta mominpormnutenoBoro cemapartopa ITOPII-A (Ydum, Pocis). Bei oneparrii 3
BUTOTOBJICHHSI KOMIPOK TPOBOJMIINCH B CYXHX PYKaBUYHUX OOKCax 3 aTMoC(deporo
aproHy.

JIis rambBaHOCTAaTUYHUX JOCIHIIKEHh BUKOPHUCTOBYBAIM YCTAaHOBKY Neware
Battery Testing System (Kwurait). [luxiyBannst Benu B fianazoni Hanpyru 1-2,75 B
BimHOCHO LVLI* mis xomipok 3 mrieBuM aHoaom Ta 0,2—-2.4 B BimHOCHO Na/Na* B
KOMIpPKax 3 HaTPi€EBUM aHOJIOM.

2. Pe3yabTaTH eKCNIePUMEHTY Ta iX 00roBOpPeHHs

Ha pucynky 1 mpencTaBieHi peHTICHIBChKI AUGPaKTOrpaMu CHHTE30BaHUX
3pazkiB TiO,. Iliku, npucyTHi Ha nudpakrorpamax, BKazyroTh Ha yrBopeHHs TiO; 3
KPUCTAIYHOIO CTPYKTYPOIO aHaTa3zy. 31 30UIbIIEHHSIM TPHUBAJIOCTI Ta TeMIepaTypH
TepMoOOpoOKM KpucTamiuHicTh Ti02 3pocTae, Ha 1O BKa3dye 30UIbIICHHS
IHTEHCUBHOCTI BIIMOBIMHKUX MIKiB. Po3Mipu KpucTamiTiB, Mo Oyl po3paxoBaHi 1Mo
posumpenHto mikiB (101), mpeactasneni B Tabmuri 1. 3 mpuBeAeHUX JaHUX BUIHO,
110 3MIHA PEXUMY TEPMOOOPOOKHU MPUBOIUTH 0 TOPIBHSIHO HEBETUKOTO 30UIbIIICHHS

KpuctamriB Bix 7 10 ~10 HM.

(101)

{%:;;)
g (200)
(204)
(215)
(303)

(105)/(211)
(116)/(220)

470 °C - 6 rox

350 °C -40 rox

350°C-26roxa

350°C-4roxn

20 30 40 50 60 70 80 90
20, rpaa - CuKa

IHTEeHCHUBHICTH

Puc. 1. PentreniBchki nudpaxkrorpamu 3paskis TiO
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Taoauus 1. Po3Mipu KpuUCTaNITIB Ta BIaCTUBOCTI MOBepXHI 3pa3zkiB Ti0;

3pa3ok d(101), HM Stur, M?/T Viop, CM3/T Ruop, HM
350°C - 4 ron. 7,0 174 0,264 2,2
350°C — 26 ron. 8,5 125 0,230 2,65
350°C — 40 rop. 8,8 113 0,225 2,7
470°C - 6 ro. 9,8 80 0,152 2,75

MikpodoTtorpadii, mpencTaBieHi Ha pUCYHKY 2, TOKa3ylOTh, O 3pa3ku Ti0;

CKJIQIAIOThCA 3 HAHOPO3MIPHUX YAaCTHHOK 3 BEIMKHM CTyIleHeM arjomepari. B

pe3yiabTaTi  30UIbIIEHHS

TPUBAJIOCTI  Ta

TeMIIEpaTypu

TEPMOOOPOOKH,

CIIOCTEPIra€ThCs OUIKyBaHE YKPYITHEHHS PO3MIpiB 4acTHHOK Bix ~40 HM 110 ~80 HM,

o € OUThIIMM 3a po3paxoBaHi po3mipu kpuctamtiB (daor), 7-10 HM). Lle o3Hauae,

1110 KOKHa okpema yacTuHka Ti0; ckiagaeTbes 3 AeKubKoX (10 ~10) kpucTamiris.

Puc. 2. Mikpogororpadii 3paskiB TiO: micyst Tepmooopooku (a) 350°C — 4 rog.,

(6) 350°C — 26 rox., (8) 350°C — 40 rox., (2) 470°C — 6 rog.
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3a JaHUMH TIOPOMETPUYHHUX JOCIIIKEHb, OJaepkaHi s mopomkiB TiO;
BoTepMu ancopOmii-necopoitii azory 3a kmacudikamiecro IUPAC moxyts Oytn
BigHeceHl A0 BoTepMm [V Tuy 3 KaniiipHOIO KOHJICHCAIIEI0 B ME30MOpax.
BinnmoBinHO 10 KpUBUX PO3MOJAUIEHHS MOP 32 PaalycoM, iX 0CHOBHI po3MipH (Riop,
HM) MaiiKe He 3aIeXKaTh Bl TepMOOOpOOKH 3pa3Ka i 3HaX0AIThCs B MEKax Bix 2,2 10
2,75 am (tabm. 1). Iluroma mmora moBepxHi (S, M?/T), pO3paxoBaHa 3a METOJIOM
BET, 1 3aransuuit 06’ eM 1op (Vyep, CM3/T) € MAKCUMAILHUMU 32 YMOB TEPMOOOPOOKH
350°C — 4 rox. ta ckmamarote 174 m2/r 1 0,264 cm3/r BignoBimHO. 3O0UIBIICHHS
TPUBAJIOCTI TEPMOOOPOOKH Ta Tepexin a0 OUIbII kopcTKkuX yMoB (470°C — 6 rox.)
MPU3BOJINTH 0 MOCTYIOBOTO 3MCHIIICHHS MMUTOMOI TIOBEPXHI Ta 00’ eMy mop 10 80
M?/r 10,152 cM3/r B pe3ynbTaTi yKpyIMHEHHsS] YaCTUHOK Ta 1X CIiKaHHA, Tadmis 1.

[pyHTyrOuMCh HAa UMX JaHHX, B  EIEKTPOXIMIYHUX  JOCIIIKEHHIX
BUKOPHUCTOBYBAJIM 3pa3Ku, OTpUMaHi B ymMoBax TepmiuHoro Bignamy 350°C — 4 rox.
(maui 3p. 350-4), 350°C — 26 rox. (mami 3p. 350-26, TUTbKM 11 HATPIEBOT KOMIPKH) Ta
470°C — 6 rox. (mami 3p. 470-6), nnst SKMX CTPYKTYpHI 1 MOBEPXHEBI BIACTUBOCTI
HANOUIbII CYTTEBO BIIMIHHI.

Xapaxmepucmuku Ti10, ¢ nimiceux oxycepenax cmpymy.

Po3psanHo-3apsiaHi KpuBI Ta KpuB1 IUQPEPEHUIMHOI €MHOCTI, OJEp>KaHl Ha
n’sitomy nuki i 3paskiB 350-4 1 470-6 B xomipkax 2016 3 miTieBUM aHOAOM B
iHTepBanmi Hanpyru 1,0-2,75 B, moxazano Ha pucynky 3 (A, b). Xapakrep mmx
KPUBHMX € TUINOBUM JJI MPOLECY HTEPKASLi-IeIHTEpKAALLl JITIFO 3 YTBOPEHHSAM
cnonyku LikTiO,. B 3aganomy iHTEpBaji HAPYTru BOHU MalOTh TPU OCHOBHI JIVISTHKH,
110 BIAMOBIIAIOTh PBHUM CTafisiM iHTepKaysimi [19, 22, 33, 34]. [lepiia ainstHka (10
novyatky miato ~1,75 B) moB’s3aHa 3 QopMyBaHHSM TBEPIAOr0 PO3YHUHY Oe€3
yTBOpeHHS HOBuX (pa3. Bemmuwmna x B dopmym tBepmoro posumny LiTIO, 3a
nanumu [35] He nepeBuirye 0,028. B Hammx ekcnieprMeHTax 15l BEIUYMHA CKIIaana
He Owbie Hbk 0,03, To6TO Oyna OMM3bKOIO 10 BiiOMOi 3 Jireparypu. Po3psiane
wiaro 3a Hanpyru ~1,75 B Binmosinae yrBopenHto crmoiyku LiTiO,, Teopernuna
MMTOMa €MHICTh siKoi 3a ymoB, mo x = 0,5, ckmamae 167,5 mArona/r. OmnHak
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MpaKkTUYHA BEIMYMHA X 3aJICKHUTH BT MOpQoIorii moBepxHi Ta cTpykTypH T103 1, K
npaBwio, He mepepuinye ~0,4 [35]. Braxkaerbcs [35], mo po3psaa Ha I JUITHII
HAMpPYTd BU3HAYAETHCS OJIHOYACHOIO MPHUCYTHICTIO sK TiO2 3 TeTparoHaIbHOIO
CTPYKTYpOI0, Tak 1 oprtopomOignoro LiTiOz, 10 yTBOPIOETECSA B pPeE3yIbTaTi
IHTePKAJIAIII JITIFO.

Hoctyn ioHiB mitito 10 moBepxHi Ti0, € cramieto, M0 OOMEXye KIHETHUKY
po3psaay. Tomy 3MeHIIeHH po3Mipy 4acTUHOK Ti102 po3TIsAIaeThCS SIK OCHOBHUM
dakTop, MO CHpHUI€ MABUIICHHIO IMUTOMOI €MHOCTL. BBaXKaeThCs, M0 3a TOBIIMHH
mapy Li, TiO, Outem, HDK 3—4 HM, IBHAKICTH PO3PSAAY CYTTEBO 3HUXKYETHCS, IO
MIPU3BOJINTH JI0 3MEHIICHHS MUTOMO1 €éMHOCTI. 1{iif 00macTi HampyTru BIAMOBIIAE TTIK
Ha KpuBHX qudepenuiiinoi emuocti, pucyHok 3 (b). Ha Benmunny nutomoi eMHOCTI B
IIbOMY IHTEpPBaJI HAIIPYTH BIUIMBAIOTH PO3MIPH KPUCTAITIB, TUTOMA TOBEpXHsI 1107,
a takox BiactuBocTi TEIL, chopmoBanoi Ha moBepxHi enekTpoy. [leprm 3 aBOX
(akTOpiB BU3ZHAYAIOTHCS MOBEPXHEBUMH Ta CTPYKTYpHUMH Xapaktepuctukamu T 10,,

a TPETIi TaKOXK 3aJICKUTh B CKilany enekrposry [16, 35, 37 — 39].

x B Li TiO,
3.0 0.0 (l.|2 0.4 0.6 (A) (B)
—350-4 40001 vy
2,51 | ——470-6| . —_—06
£ 20004 |
a 201 E
0_
3
1.5 =
= 2000
=4
-
1,0+ -4000
0 50 100 150 200 250 1.0 15 2,0 25
Q, MmAu/r U,B

Puc. 3. 3apsa-po3psiHi KpuBi 5-T0 HUKIy (A) Ta Kpusi nudepenuiinoi emHocTi (b),
oTpuMaHi pu nukiTyBanHi komipok Li-TiO,. I'yctuna ctpymy 40 MA/T,
enekrpoit EK:JIMK 1M LiPFg, t — 25°C

He3Bakaroun Ha MpakTUYHO OJHAKOBI BEIMYMHHU PO3PSAIHOI €MHOCTI 000X
3pa3kiB Ti02, oTpumaHi B KIHII po3psAay, MUTOMa €MHICTh 3pa3ka 470-6 Ha 10%

OiTbITia, HDK 1711 3pazka 350-4 pu po3psai o Hanpyru 1,5 B.
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Po3psn B iHTepBam Hanpyru 1,7—1,0 B moB’ s13anamii 13 3alOBHEHHSM 3QJTUIIKIB
OKTaCAPHYHUX IO3MIIH Ta YTBOPEHHSIM CIONYKH Ligs+ TI0, [36]. Lls mizsrka
pO3pSAHOT KPHMBOI HE Ma€ YITKOTO IUIaTO po3psAaHoi Hampyrd. Ha xpusii
nudepeHIiitHoi €MHOCTI BOHA TPUCYTHS y BHIJISAI CJIA0OKOTO PO3MUTOTO TIIKY.
Kinetnka mporiecy HTEpKaIAIi B IbOMY IHTEpBalIl HAIIPyT BH3HAYAETHCS HU3HKUM
koedimieHToM audy3ii JiTi0 B yTBOpeHOMY moBepxHeBomy miapi Li, T10, (x > 0,5)
[36]. 3a manoi ryctuHu cTpymy po3psiay-3apsaay (40 MA/T), pucyHOK 4 (A), muTOMa
eMHICTB 3pa3kiB 350-4 ta 470-6 € mpakTUIHO OJHAKOBOIO SIK 32 BEIMIMHOIO, TaK 13a
JTUHAMIKOIO i1 3HIDKEHHS 3a IUKITyBaHHAM. OCHOBHA BIIMIHHICTH TIOMITHA JIUIIC HA
TIEPIIOMY ITUKJI, ¢ MUTOMa €EMHICTD cKiamae 267 Ta 247 mAroa/r nns 3pa3kiB 350-4
Tta 470-6 BignmoBimHO. Mu moB’s3yemo ii 3 ocoOmuBocTsamu ¢opmyBanHs TEII,
BJIACTUBOCTI SAKOi (TOBIIMHA Ta CKJIaJ) 3aJieKaTh Bl CTPYKTYPH Ta MOBEPXHEBHX
BnactuBocTeil TiO,, 1O B pe3ynabTaTi BIUIMBAE HA BEIUYMHY KYJIOHIBCHKOT

e(eKTUBHOCTI Ha TIEPIIOMY ITHKJII.

A
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Puc. 4. 3anexsicte mutoMoi emHocTi TIO2 (A) Bix HOMepy NUKITY (I'YCTHHA CTPyMY
40 MA/r) Ta TycTHHH cTpyMy po3psany (b). Iareppan nanpyru nukinyBanas 1,0-2,75
B, enexrpomir EK;JIMK 1M LiPFs, t — 25°C

31 30ublIeHHsIM rycTHHH cTpyMy 3 40 MA/r o 400 MA/r, pucynok 4 (b),
nuToMa €MHICTh 3pa3ka 350-4 3meHuryetbest npubiau3zHo Ha 50%, B TOM ke yac
nuToMa €MHICTh 3pa3ka 470-6 3HmKyeTbesl TUlbkM Ha 25%. B i po6oTi Mu He
MpOBOAMMO aHaNidy ocobsmBocTelt ¢GopmyBanHs TEII, ame Bu3HauaemMo 3Ha4HI

BIIMIHHOCTI B Belm4uHI onopy Marepiany (IR ckmamoBoi), mo Ha mepiiomy IHKII
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17 3pa3ka 350-4 cranoButh 159 Owm, a mis 3paska 470-6 — 46 Om. 3 1UKITyBaHHIM
IR ckmamoBa s 000x 3pa3kiB 3poctae 13a 100 nukmB ckiaamae 669 Om 1437 Om
BiANOBIAHO 711 3pa3kiB 350-4 ta 470-6.

Xapaxkmepucmuku TiO, ¢ nampieceux Oxcepenax cmpymy.

B marpitiBmMicHuX mkepenax ctpymy Ti0; elekTpoay IUKIYyIOTh 3a3BHYail B
iHTepBanmi Hanpyru 0,1-2,7 B BigHOCHO €J€KTpOaYy MOPIBHAHHSI 3 METaIIIHOTO
HaTpit0. BinmoBimHO 10 JiTepaTypHUX JKEpeN, MPOIEeCcH B3aeMOJl 10HIB HATPIO 3
TiO, 3HaxogATbCA B 3alCKHOCTI Bl HOr0 CTPYKTYPHHX Ta IIOBEPXHEBHX
XapaKTEePUCTHK, Tialla30Hy HAIPYTH PO3PSAY Ta CKiIany eiaekrpodiry [11, 14].

Ha pucynky 5 moka3aHi KpuBi pO3psIKCHHSI-3apSIKEHHS TIEPIIOro UKy (A)
Ta 3MiHA NUTOMOi €MHOCTI Bii Homepy uukiy (b), oTpumani 3a HMKITyBaHHS B
iTepBami Hanpyru 0,4-2,4 B B enektpoximMiuHux kKomipkax 2016 3 aHomom 13

METaITHOTO HaTPIiro.

x B Na _TiO
x 2 A
0,00 005 010 0.15 020 025 030 ) (b)
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Puc. 5. Po3psan-3apsiaHi KpuBi EpIIoro MUKy (A) Ta 3aJIe)KHICTh MUTOMOT €EMHOCTI
Bin HoMepy 1Ky (B), orpumani 3a nukiyBanns T10; B inTepBaii Hanpyru 0,4-2,4
B, ryctuna ctpymy 8 MA/T, enextpouir: TEI'IME 1M NaBF,4

[lomani KkpuBI CYTTEBO BIAPBHIIOTHCA Bl AaHAIOTTMHHUX 3aJIeKHOCTEH,
OTPUMAaHUX B JITiIEBUX KOMIpkax. JIJi1 HHX € XapakTepHOK BIACYTHICTh TIATO
po3psannHoi Hanpyru. OKpiM TOro, JOCTaTHHO HU3bKa HAIPyTa po3psiAy NPU3BOIUTh
70 YCKJIQAHEHHS OCHOBHOTO TMPOIECY MOOMHUMH PEAKI[iIMH, TOB’S3aHUMHU 3
pO3KJIagaHHsIM enekTpotiity. Came ToMy OTpUMaHa Ha TEpIIOMY ITUKJI BEIWYWHA

KYJIOHIBCbKOI1 e(eKTUBHOCTI ckiagae Ouii 43% 3a BEIWYMHU MHUTOMOI €MHOCTI
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po3psaay 91 1 73 mAroa/r ana 3pa3kiB 350-4 ta 470-6 BimmoBimHO. Y CHOMyIl
Na,TiO, me BinmoBimae BemmuuHam x ~0,12 mas 3paska 350-4 (~40 mAron/r) Ta
~0,09 nnsa 3paska 470-6 (~30 mAroa/r). buten BuCOKa MUTOMa €MHICTh, OTPUMaHa
s TiO, — 350-4, 36epiraeTsest MpH MOATBIIOMY ITUKIYBaHHI, PUCYHOK 5 (A).

BinmosinHo mo pesyabtarie [14], mpu po3psai TiO, mo wmampyru 0,5 B,
TeTparoHajbHa CTPYKTypa, npuramanHa |10, 31 CTpYKTypOIO aHara3y, 30epiraerhbes,
1 MITOMa €MHICTh 3YMOBMOETHCS GopmyBanHsaM TEIl Ta morimHaHHAM KaTiOHIB
HATPIilO MOBEPXHEBUM IapoM dacTHHOK T10; [14]. ToMy MoOKHA IPUITYCTHTH, 110 B
iHTepBaj Hanpyru po3psaay 10 0,4 B BemnunHa MUTOMOT €MHOCTI Oy/1e 3ae)aTH Bil
nuToMoi oBepxHi Ti02, 10 MOXKe TMOSCHIOBATH OTPHUMAaHI BITMIHHOCTI.

KpuBi po3psiiskeHHsI-3ap s KeHHS Ta KpUB1 JUEpEeHIIHHOT €EMHOCTI, OTpUMaHI
Ha I’ sAToMy IMKI B iHTepBai Hamnpyru 0,2-2,4 B noka3zaHo Ha pucyHky 6 (A, b).
Binnosinao 1o [14], po3psn no Hanpyru 0,25 B Moxe OyTH MOB'si3aHU HE TUIBKH 3
orpumanHsM NaxTiO,, a i 3 ogqHOouacHOtO amopdizamiero TiO; wacTuHOK. CTyIiHB
amopdizaii 3anexuth B ckiany TEIL, mo dopmyeTrbes Ha mOBepxHI €IEKTPOAIB, 1
CYTTEBO 3aJISKUTh Bi CKIaay enekTpoJiry. HaBeneHi pe3ynbTaTv MOKa3ywoOTh, IO
noBepxHeBl BinacTuBOCTI Ti0, TakoK 37aTHI BIUIMBATH Ha BEJIMYMHY IMHUTOMOI
€MHOCTI Ha NEpIIMX LMKIaX, ajlé HE BIUIMBAIOTh HA JAMHAMIKY i1 3MIHM 3a YMOB

LUKITyBaHHS, AKa A1 000X 3pa3KiB € MOI0HOI0, PUCYHOK /.

x B NaTiO, A
00 01 02 03 04 05 06 (A) (b)
2,5 | ——350-26 | 400 —350-26
—470-6 —A470-6
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' S -200-
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-400-
U.U J J T T T T T T T T
0 50 100 150 200 0,0 0,5 1,0 1,5 2.0
Q, mAroa/r U,B

Puc. 6. Po3psan-3apsani kpusi (A) 1 kpusi qudepeniiiinoi emuocti (b) nis 6-ro
UKy 3pazka 350-26 ta 5-ro mukiy 3pazka 470-6, orprMaHi B KOMIpKax 3 HaATPIEBUM
aHOJIOM 3a IUKJITyBaHHs B iHTepBai Hanpyru 0,2-2,4 B, ryctuna ctpymy 8 MA/T,
enextposit TEI'ZIME 1M NaBF4
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Puc.7. 3anexHICTh TUTOMOT EMHOCTI Ta KYJIOHIBCBKOT €()EKTUBHOCTI Bill HOMEPY
uKiTy 1t 3paska 350-26 (A) 1 470-6 (b). IntepBan nHanpyru nukinysadss 0,2—-2,4 B,
ryctuHa ctpymy 8 MA/T, enektposit TEI'JIME 1M NaBF,4

Buxonsum 3 pucyHka 7/, MMTOMa €MHICTh, BEJIMUYMHA SKOI pPEATBYETHCS B
3a3HAUYCHOMY IHTEpBaJll HAMPYTH, CYTTEBO 3MIHIOETHCS BiIl HOMEpPY MHKIY, Ha
BIIMIHY B pe3yJbTaTiB, OTPUMAHUX B KOMIpKax 3 METaiYHKUM JIiTieM. Ha nepmmomy
IIUKITI po3psay BoHA ckiaamae 172 ta 161 mAroa/r BinmoBinHO 1181 3pa3kiB 350-26 i
470-6. Ame 3aBISKM HU3BKIA KYJIOHIBCHKIH €(PEKTMBHOCTI Ha JAPYroMy MK
CIIOCTEPIraeThCsl 3Ha4YHE i1 3HWKEHHA. Ha HacTymHHMX 4-5 IUKIIax MUTOMa EMHICTD
30ubIIyeThes Binm 105 MAroa/r no 164 mAroa/r ans 3paska 350-26 ta 31 102 go 209
MA/T nist 3paska 470-6.

30UIbIICHHS MHTOMOI €MHOCTI Ha TepmmMX IUKiIax B podortax [7, 40]
MOSICHIOETHC I HU3BKOTO aJICOPOITIEI0 I0HIB HATPIIO, TTOB’ SI3aHOO0 SIK 3 0COOIMBOCTIMU
noBepxHeBUX BiactuBocTe Ti0p, Tak 13 MHUTOMOK  EJIEKTPOIPOBIAHICTIO
enexktponity. Ilicins JOCSATHEHHS MAKCUMAIbHOI BEIMYMHM TUTOMOI €MHOCTI
CIIOCTEPIra€ThCsl MOCTYIOBE 11 3HWKEHHs. AHaI3 OTPUMAaHHUX PE3yJbTaTIB MOKa3aB,
10 OJIHIEIO 13 MPUYMH TaKOTO 3HIDKEHHS € 3pocTaHHs IR ckimamoBoi BenmuumHa sIKOT
ckianae 500 Om Ha nepumx 5 nukiax, ane 3poctae g0 Oubir Hk 2000 OM Ha 20

LIUKJIL.
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3. BucHoBKH

3pasku giokcuay tutany Ti0, Oyiau CHHTE30BaHI METOA0M JYKHOTO TIIpOJi3y
3 1X HAaCTYmHUM MOJUGIKYBaHHSAM BHCOKOTeMIeparypHuM BimmaioMm mpu 350°C
npoTsaroM 4 roauH Ta npu Temieparypi 470°C npotsarom 6 rogun. Merogom XRD
Oyn0 TMOKa3aHO, MO0 OTPHUMaHI 3pa3K¥ MarOTh CTPYKTYypy aHata3y. IlimBuiieHHS
temmeparypu 3 350°C mo 470°C mpuBOIWTH A0 3MEHIICHHS BEIMYHHH IMATOMOL
MOBEPXHi B 2,2 pa3u, 3MEHIICHHSI PO3MIPY MOP 1 HE3HAYHOT'O 30UTBIIICHHS PO3MIpiB
KPHCTAIITIB.

MerogoM ranbBaHOCTATUYHOTO IMKIyBaHHS OyIM BU3HAYCHI BEIUYUHH
MMUTOMOI €EMHOCTI, i1 3aJIGKHICTh BT HOMEpa ITUKITY 1 TYCTHHH CTPYMY B KOMIpKax 3
JITIEBUM Ta HaTpieBUM aHOJ0M. [lokazaHo, 10 XapakTep KpUBUX PO3PALY-3apsay B
JTIEBUX 1 HATPIEBHX KOMIPKaX 3HAYHO BiIpBHAETbCSA. OTpuMaHi BIIMIHHOCTI
MOB’sI3aHI 3 PIBHUIICI0 B MEXaHi3Max MpPOIECIB, MO BIMOYBAIOTHCS, 1 3aJI€KaTh Bil
MPUPOIH KaTiOHA.

[Ipu nuKITyBaHHI BUCOKMMH I'yCTHHAMU CTPYMY, BETTMUMHA MUTOMOT EMHOCTI B
JTIEBUX KOMIPKaX CYTTEBO BH3HAYAETHCS MOBEPXHEBUMH BiacTuBocTsMH 110, B
HATpPIEBUX KOMIPKAaxX BEJIMYMHA MUTOMOI €MHOCTI B OUIBLIIM MiIpl 3aJI€KUTh BIJ
HOMEpa LUKITY, HDK BiJ MoBepxHeBUX xapaktepucTuk T10,. Ha nepumx 4-5 nukiax
MUTOMAa EMHICTb MABUIIYETHCS, MMPOTE MICISA JOCITHEHHS MaKCUMAIbHOTO 3HAYCHHS

BOHA NIOCTYIOBO 3HWKYETHCS IPU OJJTHOYACHOMY 30UIbIIEHH] ONTOPY KOMIPKH.
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Due to the investigation of the fracture surfaces of the Ti-Si-AlZr samples
tested at various temperatures [1, 2], structural and metallurgical aspects of the
composite strength change have been observed. This material is similar to the Ti-Si-
C material under study. It is known that in the relatively coarse-grained materials of
the Ti-Si-AI-Zr system, the transgranular cleavage micromechanism dominates at
temperatures up to 500 °C. There are some areas where the crack grew without
changing the micro-relief of the fracture surface over a distance of several grains. In
these cases, the intermetallic phase (Ti, Zr)sSi; did not affect either the fracture
character or the fracture toughness level. In this temperature range (20-500 °C), only
brittle fracture occurs where the fracture toughness is determined by the presence of
defects in the material. With the change in the microstructure of the composites, the
micromechanism of crack propagation changes qualitatively. The fine-grained
microstructure formed by special thermomechanical treatment [3] causes higher
fracture toughness and strength. In such materials, unlike coarse-grained ones, the
dislocation mechanism of stress relaxation during crack growth dominates. Fine
titanium silicide precipitations and intermetallics located at the (a, P)-titanium
boundaries, reducing the effective size of the sliding plane, contribute to the
formation of a weakly disoriented cell microstructure. Therefore, dimple fracture of
the samples occurs. On fracture surfaces of coarse-grained composite samples tested
at temperatures above 500 °C, ductile fracture components appear as a result of
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plastic deformation. The TisSis silicide particles failure is brittle. However, these
particles are not separated from the titanium matrix even at 900 °C, indicating that
there is a high cohesive strength of the matrix-inclusion boundaries. As the material
becomes more ductile with increasing test temperature, the microcracking of the
intermetallic particles becomes more frequent, reducing thus the effect of structural
inhomogeneity of the composites. Such structural changes contribute to the strength
of coarse-grained composites at 600 °C, while in the fine-grained materials it is
somewhat reduced, which is due to an increase in their ductility.

An increase in the fracture toughness of coarse-grained composites at
temperatures above 600 °C was noted. Unlike the behavior of the materials at lower
temperatures, where there are still some signs of brittle intergranular cracking, the
dimple fracture micromechanism dominates here, and the fracture toughness is
obviously proportional to the depth of the dimples and the vyield stress. At
temperatures above 700 °C, this micromechanism begins to change with high-
temperature intergranular fracture, and already in the temperature range of 800-
900 °C, the fine-grained composites are inferior to the coarse-grained ones in terms
of fracture toughness. Obviously, the high temperature fracture toughness of the
composites is proportional to the size of the titanium grains and eutectic colonies and
their strength, including the cohesive strength.

1. Experimental

The starting components were a nanosized powder of nonstoichiometric silicon
carbide (a solid solution of carbon in silicon carbide, SiIC-C) [4, 5] and titanium
hydride powder produced from titanium sponge (as per TU U 14-10-026-98)
produced by the PJSC “Titanium Institute”. The powder of nanosized SiC is
characterized by a low lattice parameter (a = 0.43528 nm) and specific surface area of
18-25 m?/g. Titanium hydride and SiC-C powders were mixed in a planetary-ball
mill unit in ceramic drums with hard-alloy balls for 30 min. The powder mixtures
were compacted in a steel tool set. The compacts were thermally treated in a vacuum
furnace at 1200 °C for 1 h in medium vacuum (as per GOST 5197-85). After that, the

compacts were ground in a planetary-ball mill for 30 min to obtain the powder of
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composite material of Ti~SC system. The Ti~Si-C composite material was sintered
of the powder using the industrial installation SPD-120 with induction heating,
developed in the special designer bureau at .M. Frantsevich Institute for Problems in
Materials Science of the NAS of Ukraine, in air at 1250 °C and an isostatic pressure
of 35 MPa. Temperature control was carried out using an optical pyrometer whose
measurement accuracy did not exceed £20 °C.

The X-ray diffraction (XRD) analysis for determining phase composition of the
material investigated was carried out using a X-ray diffractometer SmartLab 3 kW
(Rigaku, Japan), while the evaluation of phase composition was carried out by the
Rietveld method using HighScore Plus software (PANalytical, The Netherlands).

The metallographical preparation of Ti-Si-C composite samples was done by
conventional techniques of wet grinding and diamond paste polishing using the
automated preparation system Tegramin 30 (Struers, Denmark). The final
mechanical-chemical polishing was carried out using a Struers suspension of OP-
Chem.

The microstructure of Ti-Si-C composite was examined using the scanning
electron microscope (SEM) Lyra 3 (Tescan, Czech Republic) equipped with the
energy-dispersive X-ray spectroscopy (EDS) detector XFlash 5010 (Bruker, USA)
both in secondary electron (SE) and back-scattered electron (BSE) imaging modes.

To study mechanical behavior of the material in various modes three-point

bend test was performed using beam samples of size 5x5x35 mm [6, 7]. At least 3
samples were used for each test mode. Samples were tested in as-received state in air
at 20°C (mode 1), after exposure for 3 h in air at 600°C (mode 2) and for 3 h in
hydrogen at 600°C (mode 3). For testing in hydrogen, samples were placed in a
sealed chamber, which provided heating using electrical resistance furnace.

The relative stiffness E/Eo, where E is Young’s modulus, was estimated by the
ratio between tangents of the slopes of linear domains of the corresponding “stress—
flexure” diagrams for the material after treatment and in the as-received state.

The specific electrical conductivity o was determined in air at 20°C by the

four-point scheme [8].
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2. Results and discussion

The pattern collected from the pristine TSi-C composite sample is shown in
Fig. 1. Results of XRD analysis is summarized in Table 1. Four phases were

identified in this composite material. According to the XRD results, the TiC, TisSis,
a-Ti, and TizSiC, phases content was found to be 15.1 wt%, 10.8 wt%, 62.3 wt%, and
11.8 wt%, respectively.

Fig. 1. The XRD pattern collected from the pristine Ti~SiC composite sample.

Table 1. The data of XRD analysis of the pristine Ti~Si-C composite (see Fig. 1)

Phase Reference | Compound | Crystallographic Phase content
code name parameters (Wt%)
Titanium 96-591- | Titanium Crystal system: 15.1
carbide 0092 carbide Cubic
TiC Spacegroup: Fm-3m
Space group number: 225
Titanium 08-006- | Titanium Crystal system: 10.8
silicon 2591 silicide Hexagonal
(5/3) TisSiz | Space group: P6s/mcm
Space group number: 193
Titanium 98-005- | Titanium Crystal system: 62.3
(@lpha) 2522 (alpha) Hexagonal
Space group: P6s/mmc
Space group number: 194
Titanium 98-008- | Titanium Crystal system: 11.8
silicon 8578 silicon Hexagonal
carbide carbide Space group: P6s/mmc
(3/1/2) Space group number: 194
Ti5SIC;
Total 100.00
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The morphology of these phases was investigated in details using the
microstructure images made at various magnifications. At low magnifications, one
can see quite homogeneous microstructure of the TSi-C composite (Fig. 2a, b).
A small amount of pores of 10-90 um in size can be detected. The porosity of the
composite is about 0.2-0.4%. At higher magnifications, we can observe distinct

microstructural components of the Ti-Si-C composite (Fig. 2c, d).

SEM HV: 20.0 kV WD: 9.00 mm | LYRA3 TESCAN| SEM HV: 20.0 kV WD: 9.00 mm LYRA3 TESCAN
View field: 1000 pm Det: BSE 200 pym View field: 500 um Det: BSE 100 ym
SEM MAG: 277 x Date{mid/y): 07/03/18 CEITEC Nano SEM MAG: 554 x Date{m/dly): 07/03/18 CEITEC Nano (b)

SEM HV: 20.0 kV WD: 8.00 mm LYRA3 TESCAN|

View field: 100.0 ym Det: BSE 20 ym View field: 50.0 pm Det: BSE 10 pm d
SEM MAG: 2.77 kx _ Date(m/diy): 07/03/18 CEITEC Nano C 6 SEM MAG: 5.54 kx  Date{m/diy): 07/03/18 CEITEC Nano

SEM HV: 20.0 kV WD: 8.00 mm LYRA3 TESCAN

Fig. 2. SEM microstructure of the Ti-Si-C composite in as-received state at various
magnifications. Scale bars: 200 pum (a), 100 um (b), 20 um (c), and 10 um (d).
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Fig. 3. SEM microstructure (scale bar 20 pum) of the Ti~S~C composite in as-
received state (a) and corresponding spectra of EDS analysis (b).

Table 2. The data of XRD analysis of the pristine Ti-Si~-C composite (see Fig. 1)
Element | wt% | at%
CK 1.21 |4.62
SiK 1.39 |2.27
TiK 96.54 |92.41
Fe K 0.86 |0.70
Total 100.00 | 100.00

The results of EDS analysis showed some difference in chemical composition
of the TSIC composite material as compared to the results of XRD analysis.
According to EDS analysis (Fig. 4 and Table 3), this material is a metal-matrix
composite of TiSC system with high titanium content (about 65-67 vol%). It
possibly comprises the titanium carbide phase, MAX-phase, titanium phase with high
iron content (intermetallic phase), and titanium matrix phase.

The titanium carbide phase (TIC, see spectra 67—69 in Fig. 4) is in the form of
distinct compacted particles of dark-gray color about 10 pum in size. The particles are
distributed more or less uniform at the boundaries encompassing a few titanium
lamella packets. The total amount of the titanium carbide phase estimated optically
using the microstructure image (Fig. 2b) is about 13-15 vol%.
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The silicon enriched titanium phase with a small amount of carbon
composition looks like drowned areas of dark-gray color about 5 um in size (see
spectra 7375 in Fig. 4). These areas united sometimes in colonies are located at the
boundaries of titanium lamella packets similar to the titanium carbide phase. Maybe,
they comprise both the titanium silicide (TisSiz) and MAX-phase (Ti;SiC,) identified
by XRD analysis (see Table 1). The total area occupied by them (Fig. 2b) is about 7—
10 vol%.

The intermetallic phase consisting of about 89.3 wt% Ti, 0.9 wt% C, 8.4 wit%
Fe, 0.76 wt% Cr, and 0.6 wt% Ni (see spectra 70-72 in Fig. 4 and Table 3) is located
at the boundaries of separate titanium lamella packets. It is mostly in the form of thin
laths of light-gray color but sometimes appears like lath packages. In most cases, this
phase does not interfere with the titanium carbide phase or MAX-phase (Fig. 2b).
Since the total amount of the intermetallic phase (Fig. 2b) seems to be about 3-5
vol%, it was not identified by XRD analysis (see Table 1).

The titanium phase (a-Ti of about 99 wt% Ti, see Table 3) with a small amount
of carbon (about 0.6 wt%) and silicon (about 0.4 wt%) is a matrix phase. Its amount
in the composite is about 70-75 vol%.

image
SE HW: 20kW WD: 9.0mm

Fig. 4. SEM (SE) image of the Ti-Si-C composite microstructure and the locations
of EDS analysis spectra.
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Table 3. The data of EDS analysis of chemical composition (in wt%) of Ti-Si-C
composite phases (see spectra 67-78 in Fig. 4)

Spectrum Element Phase

C Si Ti Fe | Cr Ni

67 564 | - 94.36 | - — —

68 6.14 | - 93.86 | - — — 1

69 503 | - 9497 | - _ _

70 097 | - 89.44 |8.24| 0.79 | 0.56

71 083 | - 89.40 (8.36| 0.78 | 0.63 2

72 085 | - 89.10 (8.72| 0.73 | 0.60

73 1.79 | 21.35| 76.86 | - — —

74 1.61 | 21.17| 77.22 | - — — 3

75 1.85 | 20.63 | 77.52 | - — —

76 095 | 0.64 | 9841 | - — _

77 0.66 | 0.35 | 98.99 | - — — 4

78 0.57 | 0.40 | 99.03 | - — —

Based on the obtained data of EDS mapping, we can see the areas of a
predominance of each phase presented and locations of the boundaries of formed
aggregates consisting of titanium lamella packets (Fig. 5).

Thus, distributed in titanium phase, the colonies of the titanium carbide and silicide
phases and MAX-phase encompass aggregates of 50-80 um in size consisting of a
few titanium lamella packets whereas the intermetallic phase is mostly located at the
boundaries of the packets inside such aggregates (Figs.2b and 5). Thus, the
subsequence of phases formation may be as follows: in the beginning of sintering
process, titanium carbides and silicides and MAX-phase were formed; then, the
recrystallization of titanium grains occurred; finally, the intermetallic phase was
formed at the boundaries of growing titanium lamella packets.
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Fig. 5. SEM microstructure (scale bar 20 pum) of the Ti~Si~C composite in as-
received state (a) and corresponding EDS maps of distribution of all presented
elements (b), Ti(c), Si(d), C (e), and Fe (f).
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A positive effect of the operating temperature (600 °C) on its plasticity (30%
reduction of the Young’s modulus, see Table 4) and strength was revealed for the Ti-
Si-C composite (Fig. 6). The ultimate bend strength of the composite at 600 °C is
twice as high as at 20 °C (Table 4). This positive effect is further enhanced in
hydrogen.

No change in electrical conductivity of the material after testing in hydrogen at
600 °C was detected comparing to as-received state (Table 4), whereas substantial
drop of electrical conductivity was found after holding for 3 h and testing samples in

air at 600 °C due to thin titanium oxide film formed on their surface.

Table 4. The testing modes for the TiSi-C composite and corresponding ultimate

bend strength (o), relative stiffness (E/Eo), and electrical conductivity (o)

Testing mode
_ _ Of E/Eo (@)
Mode | Holding | Atmosphere Testing
- (MPa)| (%) | (S/m)
marking | time (h) temperature (°C)
1 - air 20 493 |100.0 | 1.2-10°
2 3 air 600 939 | 69.7 | 4.4-103
3 3 hydrogen 600 1061 | 70.1 |[1.2-10°
(o] I
=
s F 3
e I
750F
500F ! .
250F
0 02 04 O, mm

Fig. 6. Stress vs displacement dependences for Ti-Si-C samples tested under three-

point bending in as-received state in air at 20°C (mode 1), after exposure for 3 h in air

at 600°C (mode 2), and for 3 h in hydrogen at 600°C (mode 3). The numbers near the
curves correspond to test modes.
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Comparing the composites of Ti~SiAI-Zr and Ti-Si—-C systems, we note the
similarity of their microstructures. Based on the results of EDS analysis of the Ti-Si-
C composite sample tested under three-point bending in as-received state in air at
20 °C, an increased concentrations of silicon (1.05 wt%) and carbon (3.12 wi%) at
the grain boundaries were found (Fig. 7 and Table 5) as compared to their contents in
titanium grains (respectively 0.75 wt% and 1.87 wt%). Taking into account general
percentage of silicon (4.08 wt%) and carbon (5 wt%) in the bulk of the material
(Fig. 7a and Table 5), it was concluded that most of these elements were located at
the boundaries of titanium grains as constituents of the the titanium carbide phase and

Fig. 7. EDS analysis of the Ti-Si—C sample tested under three-point bending in as-
received state in air at 20°C (scale bar 10 um): (a) spectrum 1; (b) spectra 2 and 3.

Table 5. The data of EDS analysis of the Ti-Si~-C sample tested under three-point
bending in as-received state in air at 20°C (see spectra 1-3 in Fig. 7)

Element Spectrum

1 2 3
wit% at% | wt% at% | wt% at%
CK 500 | 16.92 | 3.12 | 11.31 | 1.87 | 7.03
SiK 408 | 591 | 1.05 | 162 | 0.75 | 121
TiK | 9092 | 77.17 | 95.83 | 87.07 | 97.38 | 91.76
Total | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
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Therefore, in the TSIC composite under study at 20 °C in air, fracture is
initiated by microcracking of the brittle titanium carbide and silicide phases and
MAX-phase at the boundaries of the a-titanium lamella packets and consists in brittle
cleavage through the titanium grains (Fig. 8a, b). Due to the increase in plasticity of
the titanium matrix at 600 °C, brittle fracture of the titanium carbide and silicide
phase inclusions and MAX-phase at 600 °C does not lead to the transgranular
propagation of the microcracks generated at the grain boundaries of the a-titanium
lamella packets.

r & 4
A=SE1 Date x| 2 pm* EHT = 2000 kv Signal A = SE1 Date 28 Sop 2018 ZEIXY|

H WD = 11.6 mm Phete Mo, = 1085 Time :11:3833 i WD =116 mm Phete Mo, = 1069 Tiw :11:41:19
T ——

Fig. 8. SEM fractography of Ti-Si~C samples tested under three-point bending in as-
received state in air at 20°C (a, b), after exposure for 3 h in air at 600°C (c, d), and for
3 hin hydrogen at 600°C (e, ). Scale bars: 20 um (a, c, €) and 2 um (b, d, f).
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Therefore, at this temperature, the composite does not fracture even under the
stress causing significant plastic deformation of a-titanium grains [1, 2, 9, 10]. Under
these conditions, the size of the local stress zone in the vicinity of the main crack tip
and stress magnitude increase. This is reflected in the high-energy dimple fracture
micromechanism (Fig. 8c, d). At this temperature, the yield strength of the material
increases in hydrogen due to the partial embrittlement of titanium grains (Fig. 6),
which is reflected in the even more distinctive dimple fracture micromechanism
(Fig. 8¢, f) [9-11].

At higher magnifications (Fig. 9), we can see the signs of transverse fracture of
titanium lamella packets in hydrogen at at 600 °C. Neither the titanium carbide nor
titanium silicide nor MAX-phase serves for nucleating microcracks at the boundaries
of titanium lamella packets because of increased plasticity of titanium. On the other
hand, because of hydrogen assisted partial embrittlement of the titanium matrix
phase, the cleavage stress of titanium lamella possibly increases at these conditions
reaching the level of yield stress (Table 4 and Fig. 6, see also [12, 13]). This causes
predominance of the energy consuming translamellar fracture micromechanism

(Fig. 9) and, as a result, an increase in the composite strength (Fig. 6).

EHT =20.00 kV Signal A= SE1 Date :25 Sep 2018
WD =105 mm Photo No. = 1123 Time :12:09:52

Fig. 9. SEM fractography of Ti~Si-C sample tested under three-point bending after
exposure for 3 h in hydrogen at 600°C (scale bar 1 um).
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3. Conclusion

It was found that the bend strength of Ti~Si-C in-situ composite after exposure
for 3 h in hydrogen at 600 °C increased substantially as compared to as-received
state, due to the change of fracture micromechanism from brittle transgranular
clevage of titanium matrix to transverse fracture of titanium lamella packets, along
with an increase in material plasticity. The mean values of strength of the material in
the initial state and after exposure in hydrogen were 493 MPa and 1061 MPa
respectively.

Comparing to as-received state, the specific electrical conductivity of the
material after holding for 3 h and testing samples in hydrogen at 600 °C remained the
same (1.2:10° S/m). In contrast to this, substantial drop of electrical conductivity
(down to 4.4-10° S/m) was found after holding for 3 h and testing samples in air at
600 °C, due to thin titanium oxide film formed on the sample surface.

Thus, Ti in-situ composites are quite promising for the application in SOFC

power systems and require further investigation.
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SIMULATION APPROACH IN THE DEVELOPMENT OF
POLYFUNCTIONAL ELECTRODE MATERIALS

Ushchapovskyi D.Yu., Linyucheva O.V., Redko R.M.,
Kushmyruk A.l., Zabaluev A.S.
Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Peremohy prosp., 37, 03056

A model approach for the creation of polytifunctional electrode materials has been
proposed. Based on the data of computer modeling of long-term growth of cathode
deposits in the Comsol Multiphysics and polarization measurements, the selection of
surface-active additives of sulfate nickel plating solution has been substantiated.
Addition of 0.2 g/l of saccharin into the nickel plating solution in order to increase
the throwing power and obtaining of bright fine-crystalline unstressed nickel deposits
has been proposed. Based on studies of the morphology of cathodic nickel deposits
obtained on a rotating cylindrical electrode at current density 10 — 15 A/dm? and
retation speed 150 rpm, the pH value of 4.4 - 4.6 of the nickel plating solution has
been substantiated to obtain high-quality thick-layer Nickel coatings without pitting
and shells.

Key words: nickel, polyfunctional electrode materials, electroforming, rotating
cylinder electrode, throwing power, secondary current density distribution.

MOJEJBLHMIA MIAXIT Y CTBOPEHHI
MOJII® YHKHIOHAJILHUX EJEKTPOJIHUX MATEPIAJIIB

VYmanoscokuit 1.YO., Jlintouera O.B., Penbko P.M., Kymmupyk A.L., 3abanyeB
A.C.
Kuiscokuu nonimexuiunuu incmumym imeni leops Cikopcokoeo, m. Kuis, npocn.

Ilepemocu, 37, 03056

[[Iupokoro 3acToCyBaHHS y MPOMHUCIOBOCTI HAOYJIM TOBCTOMIAPOBI HIKEJIECBI
HNOKPUTTS, TOBIIMHA SIKMX HA BUIMIHY BiJ 3BHYAlHUX TaJbBaHIYHUX BApIIOETHCS B
MeXax Bil JIEKUIbKOTO COTEHb MIKPOMETPIB 0 JEKUIbKOX MUTIMETpIB. Yepe3 BUCOKY
3HOCOCTIMKICTb Ta TBEPAICTh HIKEIO TaKl MOKPUTTS BUKOPUCTOBYETHCS AJIs1 HAJJaHHS
NOBEPXHAM  JeTalieil  aHTUQPUKUIMHUX  BJIACTUBOCTEH [1]. 3o0kpema
eJIEKTPOOCAIKEHHS HIKEITIO Ta HIKEIb-KOOAIbTOBUX CIUIABIB BUKOPUCTOBYIOTHCS IIPHU

CTBOpEHHI mpechopM s IITaMIIyBaHHs IUIacTMac, pO3IUIaBiB CKia, 1 T. iH. [2, 3].
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Burcoxka xopo3iifHa CTIMKICTh Ta KaTaJITHIHI BIACTUBOCTI HIKEIIO 3yMOBJIIOIOTH HOTO
BUKOPUCTAHHA Yy BUIJBIAl CIEKTPOJHMX MaTepialiB JJIs. TEHEpaTopiB BOIHIO,
OPTaHIYHOTO CHHTE3Yy, cHucTeM BojooduieHHs [4, 5]. EnekrpoocamkeHHS
TOBCTOIIApOBHMX [6], a 30KpeMa HIKEJIEBUX  IOKPHUTTIB BHMAara€ BHUPIIICHHS
HACTYITHUX HAyKOBO-TIPAKTUYHHUX 3a7ad: MiA00pPYy BUCOKOTPOAYKTUBHOTO PEKUMY
CIIEKTPOJIBY, 3a0€3MEUYCHHS YMOB EJICKTPOOCAKCHHS TOKPHUTTIB 0€3 BHYTPINIHIX
Hanpy>KeHb, JOCATHEHHS PIBHOMIPHOCTI PO3ITOALUTY IMTOKPHUTTS MO TOBEPXHI BUPOOY-
OCHOBH.

1. MeToauKa eKCIIEPUMEHTY

[aTeHCHbIKAIT  TIPOIIeCY  EIEKTPOOCAKCHHS BHUMAara€ BIPOBAKEHHS
CIIeIia/IbHUX 3aX0/1iB, 30KpeMa IpH elIeKTpo(hopMyBaHH1 IIMPOKO BUKOPUCTOBYETHCS
o0epTaHHs KaToJa, K y BUIAJKy BUTOTOBJICHHS (POJIBTHU Ta CITOK. 3 OTJLIAY Ha IIE,
JTOCTIIKEHHS] TIPOIIECY EJIEKTPOOCAIKEHHS TOBCTOIIAPOBUX HIKEJICBUX IMOKPHUTTIB
3IHCHIOBAJIOCH 3 BUKOPHUCTAHHS 00epTOBOro HwmHIpuyHOro enekrpoaa (OLIE),

CXeMa YCTaHOBKH HaBeJleHa Ha puc. 1.

Eoreay

Puc.1. Cxema ycranosku i3 OLLE: 1- poGoumii enextpos (Katox); 2 — JOMOMDKHHIA
EIIEKTPO/T; 3 — XJIOP-CPIOHMI eNEeKTPOI MOPIBHIHHS; 4 — TOTEHITIOCTAT; 5 — Karnuisip
Jlyrina; 6 — ninctaBka; 7 — peMIHHUHN OPUBI; 8§ — €IEKTPOMOTOP; 9 — KOMIpKa.

Bucora po0Oo4oi mOBEpXHI HWIHIAPUYHOTO enekrpoaa (31 cram Crt3)
niamerpom 0,5 cMm ctaHoBmia 1 cM. BepXHro 1 HIDKHIO HEp0OOY1 YaCTHHH €IIEKTPO/1a
BomoBam noJiiMepHuM NOKpUTTA 13 [IBX. Komipka sBisisia co6010 CKISTHUM CTakaH

emuictio 0,5 1, y AxoMy OIS CTIHOK TUIOCKO MapaielbHO PO3MIIIyBAIMCH JIBa
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HIKEJIeB1 aHOIH, TI0 IIEHTPY BCTAHOBIIIOBABCS 00SPTOBHMA IMWIIHAPUYHUNA KATO, MK
CIIEKTPOJIHA BincTaHb ckiamana 42 mm. [loTeHIionmHAMIYHI TTOJSIpU3AIliiHI KPHUBI
3HIMaK 3a gonomMororo noreHiioctary [1M-51.1 y Tpuenexrpoaniit komipiii (puc.1),
MBUAKICTh CKaHYBaHHS CKJIajaia 2 mB/c. Tlepen 3HATTAM TOISIPU3AMIAHAX
KpHBUX Ha po00OdYy MMOBEPXHIO IWIHAPUIHOTO Karojga (poOodYoro eneKkTposa)
CIIEKTPOOCAKYBAIM HIKEIEBE MMOKPUTTS MPH T'yCTUHI cTpymMy 1 A/mm? ipotsrom 10
xB. JIJI1 MOCHIIKEHHS TMPOILECY ENeKTPOOCAIKEHHS TOBCTOIIAPOBUX HIKEJICBUX
MOKPHTTIB BUKOPUCTOBYBAJIOCH JiKepeno moctiiiHoro ctpymy ATH-1535. ToBmunHa
eIIeKTpoocaKeHNX MOKPHUTTIB ckiamana 300 — 500 mxm. IlIBuakicTe oOepTaHHS
MATHAPUIHOTO eleKkTpoaa ckiagana 150 06/xB. g 1oCaiKeHb BAKOPUCTOBYBABCS
eNIEKTPOJIIT HIKETIOBAHHS THUITy YOTCA, SIKUW TOTYBaJIM 3 PEAaKTHUBI MApKU X.4. Ta Y.
XimnaboppektuB. Takox y eNeKTposiT n0oAaTkoBo BBoauiau caxapud 0,1 — 6 1/m,
omckoytBoprorodiodasku TS-C ta TRSL, qucnieprarop aHTHINITHHTOBY 100aBKY 3
/1 Nitech Netzmittel. [Is koM’ 10TepHOTO MOAETIOBAaHHS BTOPUHHOTO PO3TIOALTY
TYCTUHHU CTPYMY y MDK €JIeKTPOAHOMY IPOCTOpPI Ta MpOoduIiB POCTY OCaAy METaIy
BukopuctoByBaBcsi COMSOL MULTYPHYSICS 4.3. Ha ocnoBi BOynoBaHoi Mojieni
«TpuBanoro pocty ocany mini»[7] Oyma po3pobneHa «Mojaenb TPUBAJIOTO POCTY
ocany Hikemo» (puc.2). I'eoMeTpuuHi napaMeTpu MOJEINl MOBHICTIO BiANOBLIAIM
EKCIIEPUMEHTATIbHIA KOMIPIL, [0 BHKOPUCTOBYBAJIACh I EJIEKTPOOCAIKEHHS
noKpuTTIB. OCHOBHI NapameTpu JJs1 MOJEIIOBaHHs (Hampyra Ha KOMIPIL Ta HaXWJl
KaTOJAHOI  MOJSApHU3aliiHOT  3aleXkHOCTI  AVAmn) BH3Ha4auCh B  MPOLECI
eKCIIEPUMEHTATbHUX JOCIIKEHb 3 EJIEKTPOOCAKEHHS HIKEJIEBUX IMOKPHUTTIB Ha
00€epTOBOMY IWIHAPUYHOMY €JeKTpo il OCKUIbKM I'yCTHHA CTPYyMY Ha aHojax Oyia
B 10 pa3iB MEHINIOIO HDK Ha KaToJax i ckiagana 0im3bko 1 A/nm2, 3rinHo ganux [8]
HaXWJ AaHOJHOI moysApu3aiiiiHoi kpuBoi mnpwuiiMamu piBauM 100 MA/cM?/B.
EnextponpoBinHICTh enekTpodity Yorca 3rigHo [9] npuitmanacs pisHoto 0,7 Cm/cM.
ToBuwmHY 0ocajiB BuMiproBaiu Mikpometpom MK 25.

2. Pe3yabTaTi €KCIIEPUMEHTY Ta iX 00r0BOPEeHHS

3rinHo 3akony dapajges npu KaToAHOMY BHUXOJ1 32 CTPYMOM OJM3bKOMY 10

100% 1 poOouiii ryctmHi cTpyMy 15 A/am?, 3a 2 roja enekTpos3y Oyae
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eJICKTPOOCAKYBATUCh MAp Hikemo TOBIMHOK 370 MkM. JlaHi MOJEMOBaHHS
npodimo ocany (puc.2 B) y3TOIKYIOThCS 13 PO3PaXyHKOM TOBIIWHH TrajIbBaHITHOTO
ocany Hikenro. HalimeHma 3mojenboBaHa TOBIMHA OCAay B IEHTPalIbHIA YacTHHI
Karoja ckiaaae 0am3pko 355 MkM, HalOUTbIa Ha Kparo — 460 mkMm. 1le moB’sa3aH0 13
MOPIBHSAHO HE BHUCOKOIO PO3CIFOBAIHLHOIO 3JATHICTIO €JICKTPOJITY HIKCITIOBAHHS Ta

KOHCTPYKTUBHUMH TTapaMeTpaMu €JIEKTPOoJIi3epa.
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Puc.2. 3o00paxxenns mojen po6o4oi kKoMipku(a), TBOMIpHUH Tpadik BTOPUHHOTO
PO3MOALTY TYCTUHU CTPYMY B MDKEJIEKTPOJHOMY MPOCTOP1 KOMIPKHU(O), mpoiib
KaToOJJTHOTO 0Ccaay uepes 2 roji enekrpoocamkerns (B). [lapamerpu Mo iemoBaHHS:
enexTpont Yorca 6e3 100aBoK; HaxXwil MOJSpHU3aliiHol KpuBoi 476 MA/cM%/B;
Hanpyra 1,2 B BinnoBigHiit katoaHii rycTuni ctpymy 15 A/am?. 1 — poboui moBepxHi
aHOJIB; 2 — po0OoYa IMOBEPXHS KaToaa

73



Hapam Oymo 3ailicHeHO ampoOariro eJIeKTPOOCAIKHHS TOBCTOMIAPOBUX
HIKEJIEBUX TMOKPHUTTIB 3 €JICKTPOITY YOTCa, Y SIKHA BBOJAWIN JOOABKH JUCIIEPTaTOp

aucrepratop ta caxaput (puc.3.).

T 5

o S
PR A a5 T R

Puc.3. ®oTo300pakeHHs €IEKTPOOCATHKEHUX 0CAa/lIB HIKEII0 OTPUMAHUX B
enektpoJiti Yorca pH=3,8, =15 A/nm?, TpUBATICTh €IEKTPOOCAIKEHHS 2 TO, B
SIIEKTPOJIT JT0JaTKOBO BBEJCHO: a) m00aBKa aucmeprarop 3 mur/m; 6) mo0aBka
nucneprarop 3 mui/n, caxapud 0,2 /1

Sx BumgHO 3 puc. 3 a, HE JUBISYNCH HA HASBHICTh JHCIEpraropa
AHTUIITUHTOBO1T J00aBKH 1pu 15 A/mM? Ha MOKPUTTI CLIOCTEPIratOThCsl BUPA3KH, KPIM
FOTO B MPOLIEC] ENEKTPOOCATKEHHS BITOYJIOCA pO3TpICKyBaHHA MOKpUTTA. Ha naii B
enekTpotit 0yno BBemeHo 0,2 r/m caxapudy. 3TinHO JirepaTypHux manux [11, 12]
Opu KOHLEHTpaui B enektpotirti caxapuny 0,1 — 0,5 r/m  BinOyBaeThcs
EJIEKTPOOCAIXKEHHIO 0Ca/IiB HIKEMIO 13 MIHIMAJLHUMU BHYTPILIHIMU Harpy>KEHHSMH.
OnHak, sK MoKa3aju MOJalIbIll JOCHHKeHHsST puc.3 0, BBEICHHS caxapuHy Xoua 1
yCYBa€ pO3TPICKYBaHHS (HAIPY>KEHICTb MOKPUTTS) Ta CIPUSAE EIEKTPOOCAIKEHHIO
OJIMCKYy4YMX OCaIIB HIKEII0, MPOTE 3a 00paHOi poOOYOT T'YCTUHU CTPYMY HE yCYyBa€e
PAKOBUH Ta MITUHTY TOKPUTTSI.

3 METOI0 YCYHEHHS HEraTHUBHHMX HACJIIKIB MOOIMHOTO MPOLECY BUAUICHHS
BOJIHIO Oyno 31iiicHeHo mindip pH enextposiry HikemoBaHHs. Buxigne 3nauenns pH
3,8 OyI10 00paHo Yepe3 BUCOKY KartoaHy ryctuHy ctpymy (10 — 15 A/nm?), amxe mpu
MIIBUILEHHI TYCTUHH CTPyMY 3pOCTa€ MIBUAKICTH BUIUICHHS BOJHIO Ta
MUTyTOBYBaHHA y TMpUKaTogHOMY Imapi. OpHaK, $K T[OKa3all pe3yibTaTH
NPOBENCHUX JOCHTIKEHh 3HAYHE YCYHEHHS INTUHTY TIOKPUTTS Ta pPaKOBUH
nocsraetbes npu pH 4,4 — 4,6. Lle MoxHa MOSICHUTH HacTymHUM. Yepe3 IHTEHCUBHE

o0epTaHHsl KaTo/a BIIOYBA€TbCS OHOBJICHHS CKJIQy €JIEKTPOJITY HIKEIIOBAHHS Ta
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BMICTYy TIPOTOHIB y mpukatomgHomy mapi, pH 3,8 € 3a HuU3bKHM, TOOTO mpoIec
BHJIUICHHS BOJIHIO TIPOTIKA€E OUTBIT IHTEHCUBHO HDK mipu pH 4,5.

25 250
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Puc.4. Ilonspu3zaiiiiini KpuBl Ha 00EPTOBOMY LMIIHIAPUYHOMY KaTO/11, IIBUJIKICTh
ob6eprannsa 200 06/xB, oTpumanux 3 Enekrposnir Yortca, B €1eKTpOJIT J01aTKOBO
BBeneHO: 1) moOaBkaaucreprarop 3 mur/m; 2) moOaBka gucmeprarop 3 Mi/J, caxapuH
0,2 /im; 3) no6aBka gucneprarop 3 mur/J, caxapu 5 /i1, 6nuckoyrBoproBaui TSC 4
v/t Ta TRSL 0,1 mut /.

Hactymamm etanmom moCHimKeHb OyJI0 OTpUMaHHS IMOJSPU3AIIMHIX KPHUBHUX
(puc.4.), Haxmwn skux abo moximHa AVAE € HEOOXITHMMH JI1 MaTeMaTHIHOTO
MOJICTIFOBAHHS EJICKTPUYHOTO TIOJISI B MDK €IEKTPOJHOMY IMPOCTOP1 KOMIPKH Ta
pPO3paxyHKy BTOPHMHHOTO PO3MOAUTY TYCTHHU CTpyMy. SIk BUIHO 3 puc.4a mHIiA 3,
IIpY JT0JaBaHHI B €JICKTPOJIT MIPOMHUCIOBUX OJIMCKOYTBOPIOBAYIB BiTOYBA€THCS 3CYB
KaTOJHOI TOJSIpU3aIliiHOI KpHBOi B 00JacTh OUIBIN MO3WTUBHHUX 3HadeHb. Lle €
HacJiIKoM afcopOrii qo6aBok. 3 puc.40 mHIA 3, BUAHO, IO HAWOUIBIIIEC 3HAYCHHS
MepeHanpyrd OCa/DKEHHS HIKEII0 TaKOX CIOCTEPIraeThCcsl B  ENEKTPOJITI 3
MIPOMHUCIIOBUMHU OJIMCKOYTBOPIOBaYaMHM B Jliama3oHi rycTUH cTpyMmy a0 100 MA/cm?
(10 A/mm?), 1110 y3rOoKYETHCS 13 CICKTPOOCAHKCHHAM HAWOUTHII OJIMCKYYHX X04a i
HEPIBHOMIPHHX 3a MPOodiIeM MOKPUTTIB (pHUC. SB).

Crnin BinzHaunty, mo BenmuauHu AVAE abo Ai/An € 06epHEHO MpOonoPIHHIMUA
710 BETTMYHMHM KpuTepito Barnepa, 1mo Bupakae BETUIMHY pPO3CIIOBAILHOI 37]aTHOCTI

enekrpoary [12]:
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— — CHIBBIIHOUIEHHS MDK MHTOMOIO €IEKTPUYHOIO MPOBIAHICTIO €JIEKTPOJITY Ta

BIZICTAaHHIO MDK €JIEKTPOJIaMH,

dn

MeTaly 3a TYCTHHOIO CTPyMY a00 MOJIIPU30BaHICTh KaTOa.

— MOXIIHA BiI NEpEHANPYTH €JIEKTPOOCAKEHHS

HaiiMen1ie 3Ha4eHHS HAXWTy MOJSPU3AIINHOI 3a1€KHOCTI CIIOCTEPIracThCs B

enekTpoiri 3 nogaBaHusM 0,2 r/a1 caxapuny (puc.4 6, miHig 2). Taka KOHLIEHTpaIs

i€l 100aBKU KpIM €NEeKTPOOCAIKEHHSI HEHANIPYXEHUX OCaJliB HIKEIO 13abe3mneuye

MIBUILIEHHAS PO3CIFOBAIILHOT 3IaTHOCTI IOCIKYBAHOTO €IEKTPOJITY HIKSITFOBAHHS.

b Geaphicy
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Puc.5. Excriepumenranshi (1) Ta 3MoaensoBani (2) mpodit karoaHux ocaiB (a, 0).
3pa3ku HIKeJIeBHUX OcaiB (B, T'), B JICKTPOJIT JOAATKOBO BBEICHO: a, B) J00OaBKa
nucniepratop 3 mu/n, caxaput 5 /11, 6mmuckoyrBoproBaui TSC 4 mn/n tTa TRSL 0,1 mn
/m; 6, T) mo6aBka aucneprarop 3 mur/m, caxapus 0,2 r/n. [lapamerpu MoaemoBaHHs
npoduTB ocaay: HaXuj KaToaHO1 KpuBoi (a) 744 MA/cM2/B Ta (0) 435 MmA/cMm/B;
Hanpyra Ha komip1i (a) 1,1 B ta (6) 1,3 B; po3paxyHkoBa cepenHs ryCTHHA CTPYMY

15 A/nm?
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Pe3ynbTatn monspu3aifHuX BUMIPIOBaHb Ta MOJCITIOBAHHS MPOQLIB pOCTY
HIKEJIEBHX OCAIIB J0OpE Y3TO/KYIOThCA. UMM MEHIMM € HaXwi MOJSIpHU3aidHO1
KpHBOi (puc. 40), TUM PIBHOMIPHIIIHIM € TTPO(DUIb POCTY KaTOAHUX OcCaiB (puc. 5).
[ToaiOHICTP 3MOMIETLOBAHUX Ta EKCIIEPUMEHTAIBHO BHU3HAUYCHHX MPOQLIB OCadiB €

TaKO>X BUCOKOIO (pHC.5), I1e B CBOIO Uepry MATBEPKYE aeKBAaTHICTh PO3PO0OICHOT
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Puc.6. Moaenb KOMIPKH 13 yTOCKOHAJICHUM KaTOJIOM, IO MICTUTh
CTPYMOHEIPOBINHUM €KpaH (a); ABOMIpHHUI rpadik BTOPUHHOTO PO3MOAUTY TYCTUHHU
CTpyMy Ta CWJIOBHX JiHI (0); ekciepuMeHTabHUM (1) Ta 3MoaenboBanuii (2)
npoduIl TPUBAJIOTO POCTY OCaAY HIKEIO (B); 3pa30K 13 OTPUMAHUM NOKPUTTM (T).
[TapameTpu MOeMIOBaHHS: HAXWJI KaToHO1 KpruBoi (0) 435 MA/cm?2/B; Hanpyra Ha
koMmiptii 1,1 B, mo BinmoBinae cepenHii po3paxyHKOBi rycTuHi cTpymy 13 A/nmm?,
TPUBAIICTh €IEKTPOOCAKEHHS 3 Toa. 1 — cTpymMoHenpoBinHi ekpanu; 2 — podoya
MOBEPXHA KaTo1a
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B pesynpTari MomenbHMX Ta EKCHEPUMEHTAILHUX AocCHimkeHb. CyTreBe
MIIBUIIICHHS PIBHOMIPHOCTI MPOQLIIO KaTOIHOTO 0Caay HIKEITI0 OYyJIO TOCATHYTO TIPH
BUKOPHUCTAHHI CTPYMOHEMPOBITHOTO €KpaHy Ta poO0UY0i TYCTHHH CTPyMY 13
A/nm? (puc.6).

3.BucHOBKH

Ha ocHoBI mocaimxkeHb MOpGoJIoTii KaTOAHUX OCaJIiB HIKEI0, OTPUMAHUX Ha
00epTOBOMY IWIHAPUYHOMY e€IeKTpoai, o0rpyHToBaHo Bemmuuay pH 4,4 — 4,6
cynb(haTHOTO EJIEKTPOJITY HIKETIOBAHHS I OTPUMAHHS SKICHHMX TOBCTOIIAPOBHX
HIKCJICBHX IMOKPHUTTIB 0€3 MITHHTY Ta paKOBHH MPH T'yCTHHI cTpymy 10 — 15 A/mm?.

Ha ocHOBI m1aHuX KOMI'IOTEPHOTO MOJIEIMIOBAHHS TPUBAJIOTO POCTY KaTOTHHUX
ocaniB B cepenoBuii Comsol Multiphysics Ta mnonspusamiiiHux BUMIPIOBaHb
OOTpYHTOBAaHO BHUOIp TOBEPXHEBO-AaKTHMBHUX JT00ABOK EJIEKTPOJITY HIKEITIOBAHHS.
30KkpemMa 3ampoNOHOBAHO BBEACHHS B €JEKTPOJIT HikemoBanHa (0,2 T/1 caxapuHy 3
METOI0 MIIBUILIEHHS PO3CIIOBAILHOI 3JJaTHOCTI Ta €IEKTPOOCAKEHHS OJMCKY4IHX
TpIOHOKPHUCTAIYHUX HEHAIPYKEHUX OCA/IIB HIKEIO.

Komm'totepHe MOJeNMOBaHHS BTOPUHHOTO PO3MOJAUTY TYCTHHH CTPYMY Y
MDKEJIEKTPOJHOMY IPOCTOP1 Ta PO3MIMICHHS CTPYMOHENPOBIJHOTO €KpaHy Aajlo
3MOTY, ONTUMI3YBAaTH poOOUY I'YCTUHY CTPYMY, YAOCKOHAIUTH KOHCTPYKIIIO KaTo1a
Ta TOJINIIUTH PIBHOMIPHICTh ocangy Hikemo. OTpumaHli MOJAEIBHI Ta
CKCIIEpUMEHTATIbHI JaHl 100pe Y3TO/KYIOThCS, IO CBITYUTH TPO aJCKBATHICTH

BUKOPHCTOBYBAHOI MOJEII MPOLECY TPUBATIOTO POCTY OCAAY HIKEIIO.
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FEATURES OF THE ELECTROLYTIC DEPOSITION OF SILVER
COATINGS FROM ACIDIC THIOUREA-CITRATE SOLUTIONS

10. Smirnova, *A. Pilipenko, 1A. Brovin, 2A. Nikonov, 2Z. Mukhin
INational Technical University “Kharkiv Polytechnic Institute”, Kharkiv,
Kyrpychova Str. 2, 61002
2Department of Orthopedic Dentistry Kharkiv Medical Academy
of Postgraduate Education, Kharkiv, Amosova Str. 58, 61176

The Kinetics of electrode reactions occurring on silver in acidic thiourea-citrate
electrolytes has been studied. It was found that thiourea forms stable cationic
complexes with Ag* ions, and citric acid ensures the stability of solutions and
promotes the active dissolution of silver anodes. Silver ionization occurs with
diffusion control, and cathodic reduction obeys the laws of mixed kinetics. It was
shown that the electrolytic deposition of silver proceeds stably with a high current
efficiency and gives dense fine-crystalline coatings. The silver deposition rate can be
increased by increasing the metal salt content in the electrolyte solution. The
introduction of special additives into the electrolyte composition allows increasing
the gloss of the coating, its density and fine crystallinity. The use of acidic thiourea-
citrate electrolytes significantly reduces the toxicity and danger of the silvering
process, reduces material and energy costs for the disposal of wastewater. Silver
coatings obtained from acidic thiourea-citrate electrolytes can be used for protective
and decorative purposes, as well as for imparting biomedical properties to the surface
of metal structures.

Keywords: silver; thiourea; citric acid, anodic dissolution, cathodic deposition,
biomedical applications of silver coatings

OCOBJIMBOCTI EJIEKTPOJITUYHOI'O OCA/UKEHHSA
CPIBHUX ITOKPUTTIB I3 KUCJIUX TIOCEHOBHUHHO-
HUTPATHUX PO3YHUHIB

1Cmipuosa O. JI., HIumunenko O. 1., tbposin O. 0., ?Hixkonos A. 10., 2Myxiu 3. C.
'Hayionanvnuii Texniunuti Ynieepcumem « Xapkiecoxuti [lonimexuiunuti lncmumymy,
Xapxis, eyn. Kupnuuosa 2, 61002

2Kagpeopa opmoneduurnoi cmomamonocii XapKiecokoi MeOuuHoi akaoemii
nicns0uniomnoi ocgimu, Xapkis, eyn. Amocosa 58, 61176

80



Po3Butok MTPOMHMCIIOBOCTI 1 TEXHOJIOT'IH, BUPOOHUIITBO
KOHKYPEHTOCTIPOMOYKHUX Ha CBITOBOMY PHHKY BHPOOIB IIpe sIBISIE BUCOKI BUMOTH
0 SKOCTI (YHKIIOHATLHUX 1 3aXHCHO-IEKOPATHBHUX MOKPUTTIB. BUKOHAHHSA mHX
BUMOT CTaBHTh IIepe] TalbBAaHOTEXHIKOI BaXKJHBI 3a1adi MO PO3poOIll HOBHX
¢(EKTUBHHX 1 CKOHOMIYHUX TEXHOJIOTIH OCAIKCHHS EICKTPOJIITHIYHUX IMTOKPUTTIB.

[[lupoke 3acTOCyBaHHS B NPaKTHIIl HAHECCHHS ITOKPHUTTIB JIOPOTOIIHHUMH
MeTaJlaMHd OTPUMAJIH €ICKTPOJITHYHI IIOKPUTTS cpidiioM. JlaHe IOKPUTTS € HE TUTbKH
3aXHCHO-JICKOPATUBHAM, a W OI10JOTTIHO CYMICHUM 3 OpraHi3MOM JIOAWHH, Mae
CWIbHY OaKTepHUIIMAHY 1 MPOTUBIpycHY nito. Ll BmacTuBicTh cpibia Ta cpiOHHMX
MOKPUTTIB JaBHO YCMIIIHO 3aCTOCOBYETHCS B MEAWIMHI 1 CTOMATOJIOTT JJiA
JKYBaHHS 1 MPOQUIAKTUKY PI3HUX 3aXBOPIOBaHb [1]. OqHaK 715 OTpUMaHHS SIKICHUX
CpIOHMX TMOKPUTTIB 0 CHUX Mip BUKOPHUCTOBYIOTHCS KOMIUIEKCHI €JIEKTPOJITH Ha
OCHOBI IliaHICTHX cojed cpiona i1 BUbHMX wiaHimiB [2]. Lli emexTponith Bkpai
TOKCHUYHI, MAalOTh CKJIaJHOCTI B TMPUTOTYBaHHI ¥ eKCIUlyaTalil, BHUMAararoTh
CEpHO3HMX 3aX0/IIB MO YTUII3ALI BIANPAllbOBAHUX PO3UYMHIB 1 HEUTpam3alii CTIMHAX
BOJI.

3a OCTaHH1 POKU B rajbBaHOCTETl 3allpONOHOBAHI HOBI €JIEKTPOJITH, a TAKOX
PEXUMU OCaIKEHHsI CPIOHUX NOKPUTTIB. Oco0mBa yBara NpuAUBIETbCS €KOJOTTIHO
O€3MEUYHUM TEXHOJIOTIYHUM MpOoIiecam, MiBUIIEHHIO SKOCTI 1 HAAIMHOCTI MPOTYKIIii.
VY nanuii yac BeNeThCA MOCWICHHN TMOIIYK HOBUX €JEKTPOJITIB, SIKi J103BOJSIOTH
BUPILIMTH MpoOJieMu Oe3lekdu BUPOOHMIITBA Ta OTPUMATH BHCOKI TEXHIYHI
XapaKTepUCTUKU TPOAYyKILi. Taki pe3ynpbTaTé MOXKHA JOCSITHYTH TpPH YCIIIIHINA
ONTUMBAIli CKJIAAY PO3YMHY IO KOMIIOHEHTaM, a TaKOXX MpH BIOCKOHAJICHHI
TEXHOJIOTIYHOT'O PEKUMY 1 apaMeTpiB €JIEKTPOII3Y.

Enextponitu cpibsieHHS Ha OCHOBI KOMIUIEKCIB 13 HEOPTAHIYHUMH JIITaHIaMU
JI€TaIbHO BUBYEHI 1 PO3TJIIHYTI B YUCJIEHHUX HAyKOBO-IOCIIIHUX pOOOTAX, CTATTAX i
moHorpadisx [3]. OxHak enekTpoiTi cpiOIeHHsS Ha OCHOBI OpTaHIYHUX JIIFaH (I, HA

JKaJlb, BUBYEHI HEAOCTATHHO IIMPOKO. A MDK TUM JOCJIKEHHS iX BJIaCTHBOCTEU
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MOXKE€ CHPHUATH PO3pOoOIll HOBHX €(PEKTHMBHUX 1 OE3MEUHHX ENEKTPOJITIB, SKi
3HAWAYTh TiAHE MICIIE B Cy4aCHOMY TrajlbBaHITHOMY BUPOOHHIITBI.

Binomo, mo meTtamu marpyny Miml yTBOPIOIOTh JOCHTH CTIHKI KOMIUIEKCHI
CITOJIYKH 3 TioceuoBUHOI0. KoMriekcH1 i0HM A1 cpibiia MatOTh KaTIOHHY MPUPOTY 3
3apsgoM +1. HailOumbImn CTIMKI Il KOMIUIEKCH B KUCJIOMY cepemoBumi 3 pH=1-4.
3anexHo BiI KOHIGHTpAIIl JiraHay KOMIDIEKCH ¢pibjia 3 TIOCEYOBHUHOIO MAIOTh PI3HI
KOOpIMHAIINHI Yucjia. AHIOHHI KOMIUIEKCH cpibja 3 IUTPATHO KHUCIIOTOK MalOTh
MEHIIYy CTIAKICTh y TOPIBHSAHHI 3 KOMIUIGKCHUMH CIIOJyKaMH 3 TIOCCUYOBHUHOIO
(tadi. 1). ToMy KOMIUICKCHI €IEKTPOJITH JJII OTPHMAHHS IOKPHUTTIB CPiOJIOM Ha
OCHOBI OpTAaHIYHUX JIraHaiB (TIOCEYOBHMHHM 1 IMTPATHOI KHUCJIOTH) € JIYyXKe
NEPCTIEKTUBHUMHU 1 37]aTHI BUTICHUTH Ha TIPAKTHIIl BHCOKOTOKCHYHI I[IaHUCTI

CJIEKTPOJIITH.

Ta6auns 1. KoMrutekcHi crionyku cpibia, 1X KoHcTaHTH HecTiikocTi (Ky) y BoHUX

PO3YHMHAX HAa OCHOBI OPTaHIYHUX JIraHAIB — TIOCEYOBUHH 1 IIUTPATHOT KUCIIOTH, [4]

TioceuoBuHa [utpaTtHa kucimora
Meran

Kowmruiekc K. Kommtekce K.
[Agz(C5H5O7)] - 1071
[Agg(C6H4O7)2]5_ 10799

Ag (1) | [AY(SC(NH,)2)s]* | 10-1305

Mema pobomu — BU3HAYEHHS OCHOBHUX 3aKOHOMIPHOCTEW Ipolecy
EJIEKTPOJIITUYHOTO OCA/[PKEHHS CpibJia 3 KUCHUX TIOCEYOBUHHO-IIUTPATHUX PO3UMHIB
Ta PO3pOOJIEHHS Ha 1X OCHOBI JOCTYMHOTO 1 €()EKTUBHOIO EJIEKTPOJITY CpIOJICHHS.
Jns uporo B poOOTI BUPIIIYIOTHCS HACTYIMHI 3a7adl: OOIPYHTYBaHHsS CKJaay
CNIEKTPOJIITY; BHUBUEHHSA KIHETHKM 1 MEXaHBMY €JeKTPOJHUX peaKiiid, 10
nepediraloTh y CHCTEMI; BCTAHOBJICHHS BIUIMBY CKJIay PO3YUHY 1 TEXHOJIOTTYHHUX

napaMmeTpiB Ha MBUIKICT MpoIecy 1 MOPGOJIOTi0 CPIOHUX MOKPUTTIB.
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MeToauka npoBeIeHHSI €eKCIIEPUMEHTY

BombsTamriepoMerpiro mpoIieciB 3IMCHIOBATM 3a JOMOMOTOI0 IMITYJIHCHOTO
noteHioctara [11-50-1.1. ExcriepuMeHT TpOBOIWIN B EIEKTPOXIMITHIA KOMIPIII
turty SICE-2 3 po6ounm o6'emom 100 mn y miamazoni temmneparyp 25-35 °C. Mo
CKJIAZy €NEKTPOJITIB BXOJWJIM HACTYIIHI KOMIIOHEHTH: CUTb MeTally — HiTpaT
cpiona (I) AgNOs, opraniuni girangm — TiocedoBuHa CS (NHp), i nutparHa
(mumonna) kuciota CegHgO7. YV sikocTi poOoUYoro enexkTpoaa BUKOPUCTOBYBAIU
enektpoa 3 moBepxHeto 0,5 cm?. Marepian enektpoaa — cpidiao mapku Cp999,09.
[loBepxHiO e€neKTpoaa TOTYBIM 3a CTaHAAPTHOIO METOAMKOI0. Y  SIKOCTI
JTOTIOMDKHOTO €JICKTPOJa BUKOPHCTOBYBAIM IIATHHOBHUH enekTpo 1 mapku [1199,9 3
po0oYOI0 mMOBEepXxHEI 2 cM?. BuMipioBaHHS TMOTEHITIATIB 3IHCHIOBAIN IIIOJ0
XJIOpHUa-CpiOHOTO enekTpoaa mopiBHAHHA Mapku EBJI-IMI1. Bci 3HaueHHs
NOTEHIAIIB TEePEPaxOByBAIM 3a BOJHEBOIO MIKanol0. BusHauenHs Bemmuuuu pH
po3umMHIB 3AllicHIOBaM 3a gomomorow pH-merpy pH-673M. Crartionapuuit
eJICKTPOJII3 MPOBOAMIIM 13 3aCTOCYBAHHSAM CTaOLUT30BAaHOTO JKepena cTpymy b5-46.
['paBiMeTpuyHI BUMIPU BUKOHYBAJIH 3a 101OMOTo0 aHamitnaHux Bar BJIT1-200.

Pe3yabTaTi €KCIIEPUMEHTY Ta iX 00r0BOpPEHHS

KiHeTnka aHOAHUX peakiiii Ha cpiOil B KUCIUX TIOCEYOBUHHO-LIUTPATHUX
eNeKTpoJIiTax Oysia 4aCTKOBO PO3IIIIHYTA B ISIKUX MOTEPENHIX myOmiKamisx [5—7].

AHomHa momnspuzaris cpidna (puc. 1) MpU3BOAUTE JO 3POCTAaHHS TYCTHHHU
CTpyMy 1 (QOpMyBaHHS Ha MNOJsIpU3alIiHUX KpuBMX | 1 2 oOjacTi aKTMBHOTO
po3unHEHHs MeTany. JloCATHEHHS MaKCUMYMY 32 CTPYMOM XapakTepU3ye TPaHUudHY
rycTuHy ctpymy. llonmanbpiie 3poCcTaHHsS CTpyMy MiCis JOCSATHEHHS MaKCUMyMY
BIANIOBIAE CIUILHOMY MEPEOIraHHIO JCKUIbKOX EJEKTPOJHUX PEaKIliid: aHOJHOTO
PO3UYMHEHHS METaly 1 OKMCHEHHIO OpPraHIMHHUX PEYOBMH, Kl MPHUCYTHI B CKIAJl
PO3UHHY €IEeKTPOJIITY.

Ha puc. 1 HaBeaeHi aHOAHI MOJSIpU3AlliiHI NOTEHUIOAUHAMIYHI 3aJIEKHOCTI,
3HATI NPU PBHUX MIBUIAKOCTIX PO3TOPTKU moTeHIjany. CTauioOHapHUN MOTEHLIAT

Cpi6HOFO CJIICKTPOJa B KHCIIOMY TiOC@‘-IOBI/IHHO-I_[I/ITpaTHOMy pOBLII/IHi CTaHOBHTD
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npubmm3Ho 0,06 B. Tlpu mBuakocTi po3roptku nmoteHmiany 1-102 B/c kpuBa 1 mae
TPUBAIY MUITHKY TPAaHUIHOI TYCTHHH CTPyMy B Me&Xax 5-5,5 MA/cM?. 301TbIIcHAS
MBUAKOCTI PO3TOPTKH MOTeHIiaTy B 10 pa3iB mpu3BOAUTE 10 30UTBIIICHHS 3HAYCHHS
IPaHUYHOI TYCTHHM CTPYMY Maiike B 2 pa3u (KpuBa 2).

Jlyi1 BU3HA4YEHHSI BUIY KOHTPOJIIO aHOJHOTO PO3YHMHEHHS METATy IMOYaTKOBI
TUITHKA TTOJIIpHU3aifHNX KpuBHX 1 12 Oynu mepeOyaoBaHi y HAMBIOTApHPMITHIX
KOOpJIMHATAX EIEeKTPOXIMIUHOT, audy3iiHoi Ta 3MimaHoi KiHeTHKW. HaiOutema
JIHIAHICTD 3aJICKHOCTI MEPEHANIPYTH CIEKTPOXIMITHOT PEaKIlii Bi TYCTHHH CTPYMY
MPOSBISIETHCS B KOOpAWHATaX AUQY3iiiHOT 1 3MimaHoi kiHeTHKHW. Lle o3Hauae, mio
aHOJ/THA PEAKIlisl JIMITYIOTBCS HE TUTbKHM CTAIIEr0 10HaMii cpidma, a i audy3iiHOIO0

CTajiero, TOOTO BIIBEICHHSIM I0HIB cpibia B 00’ €M pO3YHHY €ICKTPOJIITY.

0,016 r 2

g 0012 |
<

70,008 |

1
0,004

O 1 1 1 ]

040 000 040 080 120 1,60

E,B

Puc. 1. AHonHi nossipu3aliiiiti HOTEHITIOJUHAMIYHI 3aIeKHOCTI, 3HATI HA CPIOHOMY
enekrpoiy pozunni 0,25 M CS(NH,),, 0,1 M CgHgO7, mpu t = 25 °C 1 mBuaKocTi
pO3ropTKu noreHmiany V,: 1 — 1-102 B/c; 2 - 1-101 B/c.

[lopiBHSIHHS pPIBHOB@XHUX MOTEHLIaNB cpidja B pO34YMHAX 13 PIBHUMHU
KOHLIEHTPALIIMA KOMITOHEHTIB MMOKA3aJ10, 1[0 3HAYEHHS [IUX MOTEHLIATIB EPEBAXKHO
3aJIe)KaTh BiJ KOHIICHTpAIld i0HIB METaly i OCHOBHOTO JraHAy (TIOCEUOBUHHM) 1 B
MEHIII Mipi 3ajiexars BiI KOHIEHTparii murparHoi kuciotu [8]. KonueHrtparris
TIOCEYOBUHM BIUIMBAa€ Ha MEpPEHANpPYry 1 MIBUAKICTh aHOAHUX peakmid. Poib

LUTPATHOT KUCJIOTHU MPOSABISIETHCS B KUCIOMY 3HaueHH1 pH po34uHIB, 110 BaXKJIMBO
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I8 1X  cTabuIbHOCTL. Y aHOJAHOMY TIPOIEC ITUTpaTHA KHCJIOTa 3a0e3medye
PIBHOMIpHE PO3YMHEHHS cPi0Jia 1 MeperKoKae HOTo COIbOBIi ITacHBarlii.

Ha pwuc. 2 mpencrtaBineHl aHOIHI XPOHOIOTEHIIOTPAMH, 3HATI Ha CpiOHOMY
CIIEKTPOJII B KHCJIOMY TIOCEUOBUHHO-IIUTPATHOMY €JIEKTPOJITI TPH TMOCTIHHUAX
TyCTHHAX CTpyMy Bin 2 m0 8 MA/cM?. 3 pUCyHKa BHIHO, IO TPOIEC PO3UYHMHCHHS
cpibna MpH TYCTHHAX CTPYMY JIO0 TPAHUYHOI T'YCTUHHU CTPyMYy Iepedirae cTabuIbHO,
MOTEHITIAT aHO/Ia € TOCTIMHUM MPOTATOM yChoro 4acy. Ilpu ryctuHi ctpymy Buiie
TPaHUYHOI MOTEHITIA] aHO 1A MIOCTYITOBO 3CYBAETHCS B MMO3UTUBHY 00JIACTh, JIe CTAE
MOYJIMBUM YTBOPEHHS OKCHUAy cpibia (AgyO) 1 BUAUIEHHS ra30MOAI0HOTO KUCHIO.
Bu3znadueno, mo BHXIT 32 CTPYMOM JJI PO3YMHEHHS cpibja B IIbOMY PO3YHHI
npubmu3Ho nopiBHioe 100 %, anme mpu 3aHAATO BUCOKIM T'YCTHHI CTpyMy BIH

3menIryetses 10 80-90 %.

1.4
m ot 4
Lutd
06 |—o 3
/ - S 2
0.2 1
02 t
_06 1 1 1 1 1 J
0 100 200 300 400 500 600
T, C

Puc. 2. AHOJIHI XpOHOTIOTEHLIOTPaMHU, 3HSTI HA CPIOHOMY €JIEKTPOA1
B pO3LIPIHi 0,25 M CS(NHz)z, 0,1 M C6H807, t=25°C:
1-2wmA/cMm2; 2 — 4 mA/cm?2; 3 — 6 MA/cMmZ; 4 — 8 MA/cm2

Ha pwuc.3 npencraBieHi KaroJHI MOJPU3AIINAHI  MMOTEHINOIMHAMIYHI
3QJIKHOCTI, 3HATI 3 PIBHOIO IIBUAKICTIO PO3TOPTKU TOTeHmiany (kpusi1-6).
PiBHOBaxxHMI TOTeHLIam cpiOHOro enekrtpoaa pAopisHioe 0,065 B. Ilpu 3cysi
NOTEHLIATy B 00JacTh EJIEKTPOHETaTUBHUX 3HAUY€Hb Ha MOJIPU3AIIMHUX KPUBUX

BII3HAYAETHCSL 3POCTAHHS CTPYyMY, IO CBUIYMUTH MPO EIEKTPOJITUUHE BUIUICHHS
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ocany cpiona. KpuBi MarOTh TOYKH MaKCHMyMy 3a CTpyMOM (TpaHWYHA T'yCTHHA
CTpyMy) 1 Bl AUITHKA IO 1 IMICIS MakKCUMyMy: Ha TICPINA MUITHIN BHIUIIETHCS
TUTbKH CP10JI0, HA APYTii IUISHIN BifOYBA€ThCS CHUIbHE BUAUICHHS Cpidia 1 BOIHIO.
3 pwuc. 3 BUAHO, IO YUM OUTbINE IIBUAKICTH PO3TOPTKH MOTEHINATY, TUM OLUIbIIS
MIBUAKICTh KaTOHOT peaKIIii.

Cx0%Xl1 3aIeKHOCTI TaKOk OTPUMAaHI B PO3YMHI 3 OUIII BHCOKHM BMICTOM
IIUTPATHOI KUCJIOTH. SIK BUHO 3 pHUC. 3, MIBUILCHHS BMICTY KHCIIOTH CIIPUSE 3CYBY
PIBHOB@XXHOTO TMOTEHINATy Cpidjia B €JICKTPONO3UTHBHY 00J1aCTh Ta 3MCHIICHHIO
KaTOJHOI TMOJIIPH3AIIii. ﬁMOBipHO, 0 KOMIUIEKCH Cpidia 3 TIOCEYOBHHOIO

BTPAvyarOTh CBOIO CTIHKICTh MPH MIIBUIICHHI B PO3YMHI KOHIIEHTpAIl ITUTPaT-I0HIB.

45 ¢
4 +
35
3 L
2,5
2 L
1,5
1 L
05 r
0

Ji, MA-CM™

0,2

Puc. 3. KaromHi noispu3ariiiti 3aje:KHOCTI, 3HATI Ha CpiOJIl B pO3UYHHI
0,25 M CS(NH)2, 0,1-0,2 M C¢HgO7, 5 r/am3 Ag (MeT.) 3 pI3HOIO HIBHIKICTIO
PO3TOPTKHU MOTEHINATY V), 1 KOHIIEHTPAII€I0 HUTPATHOI Kucioty, t = 25 °C:
1,2, 3- 0,1M CeHsO7: 4,5, 6 — 0,2 M CeHgOv;
1,3-110%B/c,2,4-1102B/c, 3,6 — 1101 B/c

JInst BU3HAYEHHS JIMITYIOUOi CTajii KaTOJAHOI peakilii MOoYaTKOBI BUCXIiIHI
rUKu Kp. 2 1 kp. 5 puc. 3 Oynmu 0O6poOieHi y HamiBIOrapuPMIYHUX KOOPAMHATAX

CNIEKTPOXIMIYHOT, AU(Y31HHOT Ta 3MIMIAHOT KIHETUKUA. Y 000X BUITJKaX 3aJICKHICTh
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NepeHanpyryd KaToJHO1 peakilii Bif TYCTHHH CTPYMYy Ma€ MPSMOJIHIAHANA BUTIISI B
KOOpIMHATAX 3MIIIAHO1 KIHETHKH.

MetooM  eKCTpamoJisIlii MOYaTKOBHUX JUITHOK AaHOJHMX 1 KaTOJHUX
MOJBIPU3AINIMHNX 3alIekKHOCTEH (puc. 1, 3) y KoopauHATaX €IEKTPOXIMIYHOT KIHETUKH
BU3Ha4YeHI KoedimieHTn a 1 b misa enexTpoauux peakuii Ha cpidii. Takok BU3HAUCHI
TYCTUHH CTPyMy OOMIHY Jo, YHCJIO EIIEKTPOHIB Z, IO OEpyTh y4acTh y PEaKiiii,
koedimienTn neperocy 3apany (1-o) ado o. KiHeTwuHI XapaKTepHUCTHKHM PEaKIlii i

pO3paxoBaHi KOHCTAHTH HECTIMKOCTI KOMIUIEKCHUX 10HIB CpibJia HaBeaeHl y Ta0I. 2.

Tadauus 2. KiHeTndHI XapaKTePUCTUKH SIEKTPOXIMITHUX PEaKIiii Ha CpIOHOMY
CJIEKTPO/I1 Ta pO3paxoBaHi KOHCTAHTH HECTIMKOCTI KOMIUIEKCIB cpibiia
3 TIOCEYOBHUHOIO B KUCJIMX TIOCEYOBHHHO-ITUTPATHUX €ICKTPOJITaxX

Meran | a,B b, B | jo, Acem? | (1~a)/ o | Z Ky

AnHoHa peakiis (ioHi3arlisn)

Ag 1,36 0,38 | 3,0-10-36 0,15 1 [2,1-10-15.06

KaronHa peakuis (po3psin)
Ag -0,47 | -0,12 | 1,1-1041 0,51 1 |5,4 101533

Po3paxoBaHi MOpAAKKA XIMIYHHUX PeEaKIii MO peareHTy (TIOCEUOBUHI) I
npoleciB IoHBaui 1 po3psay ioHiB cpidna piBHI 1. Tomy nependayaerbcs, 11O
aHOJIHE PO3YHMHEHHs cpiiia rmepebirae 3a HaCTYIHUM MexaHidmMoM, [9]:

AQl — e+ CS(NH,)2 — [AQ(SC(NH2)2)]* | 1)
[Ag(SC(NH,)2)]* + 2CS(NH,)2 = [Ag(SC(NH2)2)s]* (2)

[ToyaTkoBOIO CTaIE0 aHOHOTO MPOIIECY € I0H3aIlsA cpidJia 1 B3aEMO 111 HOTO
OJHO3apPSTHOTO 10HA 3 OJHIEIO MOJIEKYJIIOK TIOCEYOBUHM 3 YTBOPEHHSIM
KOMILJIEKCHOTO KaTioHa. [IoTiM B 00’ €Mi eNleKTpOJIITy BifOYBA€THCS MPUETHAHHS 11IE
JIBOX MOJIEKYJI TIOCEYOBHHH 31 30UIBIICHHSM KOOPAWHAIIMHOTO YHCJIa B KOMILJIEKCI
cpidna. Takox MOKHa TPUIIYCTUTH, L0 NPHU BEIMKIA KOHIIEHTpalii cpibsa i0HH
METaJIy MOXKYTh 3B'SI3yBaTUCS B 3MIIIAHUNA KOMIUIEKC 3 000Ma JiraHaaMu:

[AQ(SC(NHy)2s]* + CeHsO7723 + 2Ag* = [Ag(SC(NH.)2)3]Ag.CeHs07 (3)
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Kartomne BimHOBICHHS cpibia BITOYBAETHCS 32 MEXaHI3MOM B TIOCJIIOBHOCTI,
3BOpoTHOI peakmisasMm (1, 2). [lomepenHabor0 cTamiero € cTaais AUCOINaIlil KOMIUIEKCY
cpibia 3 BiT'€OHAHHSAM JBOX MOJICKYlT TIOCEYOBHHH, a IIOTIM CIIAYE PO3PSA
KOMIUTIEKCHOTO 10HY Cpi0yia 3 MpHEIHAHHIM | eleKTpOoHa 1 €JIEKTPOKPUCTAIZAIIIE0
KaTOJTHOTO OCay:

[AQ(SC(NH2)2)s]* <> [AQ(SC(NH2)2)]* + 2CS(NH,)., 4)
[Ag(SC(NH,)2)]* + e — Agl + CS(NH>), (5)

VY po060TI BUBUECHO BIUIMB Ha MIBUAKICTH MPOIIECIB KOHIIGHTPAIII COJII METATy B
PO3YHHI, TEMIIEPATyPH 1 IIepeMinryBaHHsA. BcTaHOBIEHO, 1110 Ha MIBHIKICTH aHOHOTO
PO3YMHEHHS Cpi0ja 3HAYHO BIUIMBAIOTH TEMIIEPATypa 1 IEPEMIITyBaHHS EIEKTPOJIITY.
Ile Bkazye Ha audy3iliHUA KOHTPOJL Tmporecy. s MBUAKOCTI KaToIHOTO
BITHOBJICHHSI CpiOjia OUThII ICTOTHUM € BMICT COJi METaly B PO3YMHI Ta HOTO
TeMIeparypa.

Ha pwuc. 4 HaBenmeHi KaTroJHI XPOHOIMOTEHINIOTPAMH, OTPUMaHI B KHCJIOMY

TIOCEYOBUHHO-IIUTPATHOMY €JIEKTPOJIITI CPIOJIEHHS MIPU 3a1aHUX T'YCTUHAX CTPYMY.

03 r
mn
=

02 | 4

-01 3

2

0 1

0,1 1 1 1 1 1 )

0 100 200 300 400 500 600

T,C

Puc. 4. KarogHi XpOHONIOTEHIIOIpaMH, 3HATI HA CPIOHOMY €JIEKTPO/I1 B PO3UHHI
0,25 M CS(NH_)2, 0,1 M C¢HgO7, 5 r/mm® Ag (met.), t = 25 °C, mpu TycTHHAX
ctpymy: 1 —-0,5MmA/em?; 2 — 0,75 mA/em?; 3 — 1,0 MA/cm?; 4 — 1,5 MA/cm?
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3a mepun 100 cexyHn MOTeHIIa CTaOUIBYETHCS, a MOTIM MPOTATOM yChOTO
4acy €JCKTPOJI3Y BIH 3aMIIAETHCS MOCTIMHUM. Yum OUIbIe CTpyM MOJSpH3aIlii,
TUM OUTbIIIE €JCKTPOHETaTUBHUI MOTEHIIIA KaToaa, TUM OUTbIIE Yacy BUTPAYAETHCS
Ha Moro ctabumsamio. OcalkeHHS cpidia XapaKTepU3yeThCsl CTAOUTBHICTIO 1
MakCHUMallbHUM BHX0J0M 3a cTpymMoM (10 100 %). BcrtaHoBieHo, 10 B JaHOMY
CNICKTPOJIITI B CTaIllOHAPHOMY PEKHUMI MOKIHMBE OTPHUMaHHS SKICHUX CpIOHUX
MOKPHUTTIB Ha cpibJIi, Mil Ta iX CIIaBax.

[Tpu oTpuMaHi TOKPUTH CPIOIOM HA Mii Ta i1 CIIJIaBax JJis1 yCYHEHHsS] KOHTAaKTHOTO
OCaKeHHSI Ccpibia JeTajl 3aBaHTaXyBalIHMCs B €NEKTPOIT mix ctpymoMm. Ha doto
(puc. 5) mokazaHo pe3yJIbTaTH MIKPOCKOIIYHOTO aHali3y ocaiB. I3 ¢poTo BUIHO, 110
BOHHU MalOTh PIBHOMIPHY APIOHOKPUCTANIUHY CTPYKTYpy. OTpuMaHi ocaau cpidia €
MIUTbHUMH, MalOTh TapHUW 30BHIMIHIA BUTJIAI 1 BUCOKY aire3ir0 0 OCHOBH, IO

HIATBEPKEHO CTaHAAPTHUMH CIOCO0aMU NEPEBIPKU SIKOCTI MOKPUTTIB.

Puc. 5. Mopdoorist cpiOHUX MOKPUTTIB, OTPUMAHUX 3 KHCJIMX THOCEYOBUHHO-
IUTPATHUX €JIEKTPOIITIB, 1 moau1 — 33 MKM: @ — MaTOBE MOKPUTTS;
6 — OIIMCKy4Y€e MOKPUTTS, OTPUMAaHE 3 TOJaBaHHAM Y PO3YUH CIOJIYKH Se

[Ipn ocamkeHHl CpIOHWX TOKPHTTIB BUKOPHCTOBYBAIM PO3YMHHI (CpiOHI)
aHoau. AHOTHUH TIPOIIeC Ha HUX Tepedirae cTabuTbHO, 0€3 macuBariii. 3aCTOCYBaHHS
HEPO3YMHHUX AaHOJMIB HEAOIUILHO, TaK SK B I[bOMY BHIIQAKy Ha HHUX Oyme
BiIOYBaTHCS €ICKTPOXIMIYHE OKHCHEHHS TIOCEYOBHMHHM 1 IUTPAT-IOHIB, IO BIIMBAE

Ha CKJIaJl pO3YHHY 1 TOTIPIIIye POOOTY EIEKTPOJITY.
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BucHoBku

BcTanoBieHO, MO KHCII TIOCEYOBHHHO-IIUTPATHI PO3YMHU TPHUIATHI JJIS
CTBOPCHHS Ha iX OCHOBI HOBHX, JOCTYIHUX, €EKTUBHUX 1 €KOJOTTIHO OE3MEeYHUX
EJIEKTPOJITIB CpiOJIeHHs. 3a paxyHOK acoujalii 3 TIOCEUOBHUHOK YTBOPIOIOTHCS
JIOCUTh CTIMKI KOMIUIEKCHI CHOJIyKM Ccpibjia KaTioHHOro tumy. LlurparHa kucnora
CIIpUsi€ CTaOUIbHOCTI pO3YMHIB. AKTUBHE PO3UYMHEHHS METATy Ha aHO/11 00yMOBIIEHO
CIIUTbHOK TNPHUCYTHICTIO B PO3UYMHI €IEKTPOJIITY 000X peareHTIB — TIOCEYOBHMHHU 1
IUTPATHOI KUCJIOTU. AHOJHUN MPOILIEC MPU HEBEIMKHUX I'YCTUHAX CTPyMYy Iepedirae
0e3 macuBalli eNeKTpoaAIB 1 0€3 OKUCHEHHS Ha HUX OpraHidHUX pedoBuH. Lle mae
BEJIMKE 3HAYEHHS JIJIS1 IKICHOT 1 TpUBaJIOi pOOOTH aHOIB.

[lepebir enmekTpoaHMX peakiii Ha cpidal B JaHUX  EJIEKTPOJITax
HIAMOPSAIKOBYETHCS 3aKOHOMIPHOCTSIM 3MIIIAHOT KIHETUKH. AJle JJii aHOJHOTO
MpoIIeCy OUThINT XapaKTepHUH AUY3IHHUNA KOHTPOJIb, a sl KaTOJHOTO MPOIIECy —
3MIMIAHUH KOHTPOJIb, IO TOB'SI3aHO MEPEBAKHO 3 TATbMYBaHHAM XIMIYHOI cTafi. Y
BIICYTHOCTI OJIMCKOYTBOPIOIOUHMX PEYOBHH Ha KaToAl POPMYIOTHCS CBITI 1 IIUTbHI,
ajie MaroBl CpiOHI NOKPUTTA. JlogaBaHHsS y PO3UYMH CHELIAIbHUX PEYOBUH CIPHUSIE
OJIMCKY 1 MIBULICHHIO JEKOPATUBHUX BJIACTUBOCTEH CPIOHOTO MOKPHUTTSL.

Jlitepatypa

[1] O. N. Sapronova, Uchenyye zapiski SPbGMU im. Akad. I. P. Pavlova,
XVII, Ne 4 (2010), pp. 5-7.

[2] 1. Kh. Khalilov, Gal’vanotekhnika dlya yuvelirov: Prakt. posobiye. —
Saratov, 2003, 60 p.

[3] O. L. Bersirova, S. V. Byk, V. S. Kublanovskij, Jelektroosazhdenie serebra:
monografija. — Kiev, 2013, 168 p.

[4] 1. V. Pytnitsky, V. V. Suhan, Analiticheskaya khimiya serebra. — Moscow,
1975, 274 p.

[5] O. L. Smirnova, Ju. L. Kutenko, E. S. Lazarenko, Visnyk NTU “KhP1”, 40
(2013), pp. 155-161.

[6] T. Zoti, O.L. Matrunchik, O.L. Smirnova, Suchasni problemy
elektrohimii': osvita, nauka, vyrobnyctvo: zbirnyk naukovyh prac’. — Kharkov, NTU
“KhPI” (2015), pp. 198-199.

[7] O. L. Smirnova, M. A. Belyak, Visnyk NTU ”XITI”, 35 (2016), pp. 96-101.

[8] O. L. Smirnova, V. I. Yusov, V. S. Shitov, Visnyk NTU “XIII”, 49 (2017),
pp. 72-78.

[9] O. Smirnova, A. Brovin, A. Pilipenko, Yu. Zhelavska, Materials Today:
Proceedings, 6 (2019), 141-149.

90



FEATURES OF COBALT ALLOYS BASED ELECTROLYTIC
COATINGS FORMATION

INenastina T. O., 2Proskurina V. O., 2Ved’ M. V., 2Horokhivska N. V.
1Kharkov National Automobile and Highway University, Kharkiv, str. Yaroslava
Mudrogo 25, 61002, UKRAINE
2National Technical University "Kharkiv Polytechnic Institute”, Kharkiv,
str. Kyrpychova 2, 61002, UKRAINE

The possibility of electrosynthesis and composition / surface morphology control of
electrolytic coatings based on cobalt alloys with refractory metals by varying the
electrolysis parameters is proved. The scattering capacity characteristics and specific
conductivity of deposition electrolytes of Co-Mo-WOx and Co-Mo-ZrO, coatings are
established. The composition and morphology of Co-Mo-WOy, Co-Mo-ZrO,,
Co-Mo-W-V and Co-Mo-Zr-V coatings were determined. It is established that
incompletely reduced oxides of the refractory metals are included into the coatings
composition, which allows to position them as composite.

Keywords: composite coatings; cobalt; conductivity; scattering ability; vanadium

OCOBJIUBOCTI ®OPMYBAHHSA EJIEKTPOJITHYHUX
INOKPHUTTIB HA OCHOBI CIIVIABIB KOBAJIBTY

Henactina T. O., 2IIpockypina B. O., 2Benp M. B., 2I'opoxischka H. B.
1 Xapxkiecokutl HayioHabHULL A8MOMODLILHO-00P OXCHIl YHIGepcumem, XapKis, ).
Apocnasa Myopoeo 25, 61002
2Hayionanvnuti mexuiunuil ynieepcumem « XapKieCoKul nOaimexHiuHuil

incmumymy Xapkis, eyn. Kupnuuosa 2, 61002

3axucHi 1 PYHKIIOHATIBHI TAIbBAHIYHI TOKPUTTS € HANOUIbII MONIMPEHUMU B
MalMHOOY/TyBaHHI, ajie€ BOHM TaKOXX 3HAWIUIM MAacoOBE 3aCTOCYBaHHS B PIBHHUX
rajxy3siXx TPOMHUCIIOBOCTI 1 CY4acCHMX TEXHOJOTiAX. Pazom 3 IuM BHCYBalOThCS
KOPCTKI BUMOTH JO BIACTHUBOCTEH HOBITHIX MaTepiajiiB HIOJ0 iX MOPYBAaTOCTI,
3HOCOCTIAKOCTI, TBEPAOCTI, KOPO3IMHOT CTIMKOCTI, KaTAIITHYHOT aKTUBHOCTI Ta, IO

BOKJIMBO, 3 EKOJOTTYHOI Oe3meku mpoleciB iX ocamkeHHs [1]. ¥V 3B'a3ky 3 mum
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IHTEHCHBHO PO3POOJSIOTHCS HOBI TEXHOJOTTYHI MPOMECH OCAKEHHS TOKPHUTTIB,
30KpeMa Ha OCHOBI KOOAIbTY, SIKAM MPHUTAMaHHI IIUTh0B1 (PYHKITIOHAIBHI BJACTUBOCTI
[2].

Jlo mepeBar ENEKTPOXIMIYHMX METOJIB OCAQKCHHS TOHKOILTIBKOBUX
0araTOKOMIIOHEHTHUX CHCTEM, OE3YMOBHO, BITHOCHTHCS MOJKJIHMBICTh THYYKOTO
KepyBaHHS BMICTOM KOMITOHEHTIB, IIBHAKICTIO OCAIKCHHS, CTAaHOM IIOBEPXHI 3a
PaxXyHOK 3MIHCHHS CKJIaay €JIEKTPOJITIB 1 peKuMIB mosipu3anii [3, 4], mo 103BoIIs€e
OZIepPKYyBaTH TIOKPUTTSA PIBHOTO SKICHOTO Ta KUIBKICHOTO CKJIamy 1 3 3aJaHuM
KOMIUTEKCOM (DYHKIIOHAILHUX BIacTUBOCTEH [5— 7]. IIpocToTa eneKkTpoxXiMiaHOTO
OCa/DKEHHS, JOCTYMHICTh KOHTPOJIO 1 VYOPaBIHHA CKJIagOM Marepiany 1
TEXHOJIOTIYHUM TPOIECOM TOPIBHSIHO 3 IHIIMMH METOJaMH, a TaKOX MOKIIHMBICTh
CTBOPEHHS JIOKAILHUX TEXHOJOTTIHUX MOJYJIB JT03BOJISIE BBAKATH TaKUH METOJ
HAMOUTHII 3pYYHUM 1 EKOHOMIYHO BUTITHUM [8].

[linBumieHnii IHTEpeC JOCHIAHUKIB 1 TEXHOJIOTIB 10 EJICKTPOIITHIHUX
TOHKOTUTIBKOBUX ITOKPHUTTIB CIUIABaMHM METAJIB Tpiaau 3aji3a 3 TYTrOIUIaBKUMU
efleMEHTaMU, 30KpeMa BaHafieM, MOJIOJEHOM, BOJIb(PpPaMOM 1 IMPKOHIEM,
00yMOBJIEHO MOXIIMBICTIO OJEpKaHHA MaTepianiB, (PyHKIIOHAJIbHI BIACTUBOCTI 1
eKCIUTyaTallifHl XapaKTEPUCTUKH SIKUX ICTOTHO TNEPEBUIIYIOTh XapaKTEPUCTUKU
CIUTaBOTBIPHUX KOMITOHEHTIB [9 — 12].

OpHak, eneKkTpOoXIMIUHE OCaKEHHSI TOKPUTTIB HA OCHOBI CILIaBIB KOOAIBTY 3
BaHa/1ieM, MOJIOAEHOM, BOJIb(PaMOM 1 IUPKOHIEM YCKIIQAHEHO BEIMKOIO PI3HUIICIO
CTaHJIAPTHUX  CICKTPOJHUX IIOTCHIIATIB CIUIABOTBIPHUX KOMIIOHEHTIB [13].
BukopuctanHs TOJUITaHAHIX EIEKTPOJITIB  JTO3BOJISIE 30JM3UTH  E€JIEKTPO/IHI
NOTEHINIAJIM 1, BIIMOBITHO, OTPUMATH TMOKPUTTS BHCOKOI SKOCTL, MpOTE
OOTpyHTYBaHHs BHOOpY JraHga JJisl 3TaJlaHuX KOMIUIEKCOTBIPHUKIB € JOCHTH
aKTYTbHUM 1 CKJIQTHUM 3aBIaHHSIM.

3a oCTaHHI POKM HAKOTMYMBCS BEIMKUI (PAKTUUHUN Marepiaj, 10 BUCBITIIOE
pPEe3yNbTATH JOCIIIKEHHS YMOB €IEKTPOOCAKEHHSI CILIaBIB METANIIB MIATPYIU 3alli3a
[14, 15]. Ane iHdopmalis MIOA0 XapaKTEPUCTHUK EIEKTPOJITIB 1 MOKPHUTTIB 3

BaHA/I1EM 1 TUPKOHIEM € YK€ 0OMEKEHOIO.
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OnHiero 3 MpUYUH 0OMEKEHOTO BUKOPHUCTAHHS EIIEKTPOJITHIHOTO CIIOCO0Y
HAHECEHHS MOKPUTTIB € CKJIAIHICTh KOHTPOJIIO SIEKTPOJIITY 1 YIIPABIIHHS MTPOIIECOM.
Tomy, IpoBeIeHHS TOCTIIKEHb, CIIPIMOBAHUX Ha BU3HAYCHHSI €IICKTPOMPOBITHOCTI,
PO3CIIOBANBHOT 3/TATHOCTI €JCKTPOJITIB 1 p&KUMIB (pOpMyBaHHS 1 CKJIQTy MTOKPHUTTIB
Co-Mo-WO,, Co-Mo-ZrO,;, Co-Mo-W-V 1 Co-Mo-Zr-V € akryampHOIO Ta
CBOEYACHOIO MPOOJIEMOTO.

Mera poOOTH: BU3HAUCHHS XapaKTEPHUCTHK CIIEKTPOJITIB 1 CKIaay MOKPHUTTIB
CIJIaBaMH 1 KOMIIO3UTaMH Ha OCHOB1 KOOAIbTy 3 TYrOIUIABKUMH METaJaMH, 30KpeMa
MOJII0IEHOM, BOJIb()PaMOM, BaHATIEM 1 ITUPKOHIEM.

MeToauka ekcniepuMeHTy

EnexTpoxiMitHE OCaIKEeHHS TOKPHUTTIB HA OCHOBI CIUIaBIB KOO&IbTy 3
NPOBOJWIM 3  MOJUNAHIHUX IUTpaTHO-AudocdarHux  enekrpomrie  [16],
BaHAJIMBMICHI MOKPUTTSA HAHOCHIIM 3 IIUTPATHHUX CJICKTPOJITIB, O SIKHX J0JaBalid
V,05 [17]. EnexTpositi roTyBajii 3 aHAITHYHO YHUCTUX PEAKTHBIB, SIKi PO3UMHSIIN B
HEBENUKINA KUTbKOCTI IUCTUIHOBAHOI BOJIHU, MICJIA YOTO PO3YMH 3MILIyBAIM B MEBHIM
NOCJIAOBHOCTI, IPYHTYIOUUCh HA pe3yJibTaTax JOCIHIIKEHHS 10HHUX piBHOBar [18].
BuMiproBaHHS €J1€KTPOINPOBIIHOCTI €JIEKTPOJITY MPOBOIUIN B KOHIYKTOMETPUYHIN
koMipii npuwiagoM E7-13 mpu BapitoBaHHI TEeMIEpATypU EJIEKTPOJITY y MexkKax
T =298 - 323 K [19].

[Ipouec ocamXeHHS NPOBOAWIM MOCTIMHUM 1 IMIYJIbCHUM CTPYMOM IpH
BapilOBaHHI T'yCTUHU CTpyMy y Mexax i = 1 — 10 A/am?. SIk aHOIM BUKOPUCTOBYBAJIH
OpsIMOKYTHI TuIaCTUHU 13 HepxkaBltouoi crtam 12X18HI10T, chiBBIIHOILIEHHS
IUIOIIMHU KaToJAy Ta aHOJy il 4ac (OPMYBaHHS EJIEKTPOJITHUYHUX TOKPHUTTIB
cranoBwiIo (1:5)— (1:10). IlokputrTs crulaBaMd HAHOCHJIM Ha IMTKJIAJAKU 3 Mii
(MO). BanagiiiBMicHI MOKpHTTA Ha OCHOBI koOameTy C0-Mo-W-V, Co-Mo-Zr-V

ocamkysanmu mpu temmeparypi 308 — 313 K, rozi sik Co-Mo-WO i Co-Mo-ZrO, 3a

KIMHATHOI TeMIIepaTypHu.

93



BumiproBanus po3ciroBanbHOi 37aTHOCTI (P3) mpoBoawiM BIAMOBITHO 10
Hepxctangapty 9.309-86 3 BUKOpHCTaHHSM KOMIpKH XyJia, IO JO3BOJIIE OUIBII
TOYHO MOJICITIOBATH MOBEPXHIO CKJIATHOTO PO QiIFo.

XIMIYHAN CKJIaJ OTPUMAHUX IMTOKPHUTTIB BU3HAYAM PEHTI€HO (DIyOPECIICHTHUM
METOJOM 3 BHKOPHUCTAaHHAM MOpTaTUBHOTO crekrpomerpa «CIIPYTy». Anani3
IPOBOJIWIA MIHIMYM y 3 TOUKax 3 MOJAIBIINM YCEPEIHEHHSIM OTPUMaHUX 3HAUYCHb.
Mopdomnorito moBepxHi mocmmkyBam 3a gonomororo CEM ZEISS EVO 40XVP
(®MI . T. B. Kapnenka HAHY). 3o0paxeHHS OTpUMYBIM PEECTPAIIIEIO
BTOPUHHUX EJICKTPOHIB IIUIIXOM CKaHyBaHHS €JIEKTPOHHHUM ITy4KOM, IO JTO3BOJIHIIO
pOOUTH BHUMIPIOBAHHS 3 BHCOKOIO PO3AUILHOIO 3JATHICTIO 1 KOHTpacTHicTio [17].
®oTorpadii moBepxHi oTpumyBamu mpu 30uIbIIeHH] 100 — 5000 paziB. OO6poOKy
300paXeHHs TPOBOAMIIM 13 3aCTOCYBAHHSIM MPOTpaMHOTO cepenouina SmartSEM.

Pe3yabTaTH Ta iX 00roBOpeHHA

Jl1st oieprkaHHs SIKICHUX TaJlbBaHIYHUX TTOKPUTTIB 3 BU3HAYEHUM KOMILJIEKCOM
EKCIUTyaTalllfHUX XapaKTEPUCTHUK, HAABUCOKUMH KaTATITHUHUMH BIACTHBOCTSIMHU Ta
KOPO31iHOI0 TPUBKICTIO HEOOXIIHUM € BHOIp ONTUMAIbHOTO CKJIAIy EJEKTPOJITY,
OPHUIATHOTO JO OCAKEHHS TOKPHUBIB 3 BHCOKHM BMICTOM CIUIaBOTBIPHHUX
KOMITOHEHTIB. OJIHIEI0 3 TaKUX XapaKTEPUCTUK € EJICKTPOIPOBIAHICTh PO3YHHIB,
BUCOKUU PIBEHb SKOI CIPHUSE PIBHOMIPHOMY PO3MOJAUTY E€IEKTPUYHOTO TOJSI B
CNIEKTPOJIITI, 3HW)KCHHIO BUTPAT EJIEKTPOCHEPTii Ta JT03BOJISIE OTPUMYBATH SKICHI
nokputTs. Ha mincraBl aHaniBy €KCHEPHMEHTAIbHO BU3HAYEHOI TEMIIEPATYpPHOI
3aJIEKHOCTI €JEKTPONPOBIAHOCTI (Tabi. 1), MOXKHa CTBEpAKYyBaTH, 110 KOMILICKCHI
OUIraHIHI EJIEKTPOJITU JJI1 OCAIKEHHS IMOKPUTTIB HAa OCHOBI CIUIAaBIB KOOAJIbTY
MaTUMYTh JOCTaTHbO BUCOKY PO3CIHOBAIbHY 3AaTHICTh (pucC.1).

Enepria  aktuBauii  €JEKTPONPOBIZHOCTI  KOMIUIEKCHMX  €JIEKTPOJIITIB,
po3paxoBaHa 3 rpa(piyHOTO aHANI3Y TEMIEPATYPHOI 3aIEAKHOCTI €IEKTPOIIPOBIIHOCTI,
3HAXOJUThCS B IHTepBam 22-29 k/[>K/MOJb, IO € O03HAKOK Tepediry mporecis
MaconepeHocy y audysiiHoMy pexumi. OCKUIbKM MIABUILEHHS TeMIepaTypu
3MEHILy€ TajlbMyBaHHS AUQPY3IMHUX TMPOLECIB Ta CHOpPHUSE MIIBHUILEHHIO pOOOUYMX

TYCTUH CTpyMy, HGOpMALisSl Mpo TEMIIEpaTypHY 3aICKHICTh €JIEKTPOIPOBITHOCTI
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CIIEKTPOJITIB 3aTpedyBaHa TMPH BH3HAYEHHI pOOOYMX IMapaMETPIB TEXHOJOTTIHHUX
MIPOIIECIB.

Tadauus 1. EnextponpoBiTHICT, UTPATHO-TIPO(POCATHUX ETICKTPOIIITIB
OCaJ[P)KEHHS TIOKPHUTTIB CO-MO-WOX, CO-MO-ZrO2

[Tokpurra Enexrpomnpoginnicts enekrpoirie (Om—1-mM1) npu
temmepatypax (K)
298 303 313 323
Co-Mo-WO_ 7,4:102 8,2:102 9,6-10-2 1,1-10
Co-Mo-Zr0O, 5,3:10 5,9:102 6,7-10-2 7,4-102
P3. %
95
85
75 F
65
55 : : - -
0 2 4 6 8 10
i, A/mv2

Puc. 1. BrumB rycTuHy CTpyMy Ha pO3CitOBaIbHY 3JaTHICTh IUTPATHO-
nipodocdarHux eneKTpoTiB ocamkeHHs MOKpUTTiB Co-Mo-WOy (1) 1
Co-Mo-ZrO; (2)

OpHielo 3 HAMBAXIMBIIIMX XapaKTEPUCTUK EJIEKTPOXIMIYHOTO OCAIKEHHS
raJlbBaHIIHUX TOKPUTTIB € AudepeHIanis JOKATbHUX IBUIKOCTEH EIEKTPOHHUX
peakiliii, sika BHU3HAYAETHCS PO3MOJUIOM TYCTUHH CTPYMy IO MOBEpPXHI KaToja.
IIpoBenenHs npouecy 0CaIKeHHs MOKPUTTS Ha MIAKIAAKY 3 UY>KOPIZHOTO METaly 13
3aCTOCYBAHHSIM IOCTIHHOTO CTPYMY CYIIPOBOJKYETHCS 3MIHEHHSIM HE TUIBKU CKIIQAy
NOBEpXHL, a 1i Mop¢oorii 1 penbedy, MO B PEUITI PEIIT NIPUBOJUTH 0 3POCTAHHSA

ICTUHHOI IUIOIIl TOBEPXHI, 4, BIUIMOBIIHO, 3HUKEHHIO JIOKAJIbHUX IIBUIAKOCTEH
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KaTOJHOTO mpoIlecy. BHacHigok MBOTO 3HIKYETHCS PIBHOMIPHICTH PO3IOILTY
MOKPUTTS TIO TIOBEPXHI, MOXJMBE YTBOPEHHS JEHAPUTIB Tomo. Hwuszbka
CIIEKTPOIIPOBITHICT, 1 HEAOCTATHSA PO3CIIOBAJIbHA 3JATHICTH EIEKTPOJITY MOXKYTh
CTaTU MPHUYMHAMH TIOTIPIICHHS SKOCTI MOKPUTTIB, OCOOJMBO 3a BUCOKHUX TyCTHH
cTpyMmy. BuUKOpHCTaHHS IMIyJIbCHOTO CTPYMYy CHpHS€ BUPIBHIOBAHHIO JIOKAILHUX
MIBUAKOCTEH CIIEKTPOHUX PEakilii Ha BUCTYIAX Ta yHaJWHAX MOBEPXHI MOKPHUTTIB,
penakcamnii  AUQY3IMHUX  OPOIECIB, TOMY TaKHd PEXKUM  pPallioHAIHHO
BHUKOPHUCTOBYBATH I IMABHINCHHS SKOCTI €IEKTPOJITHYHHUX OCajiB. Pe3ymbTatn
EKCTIEPUMEHTATILHUX JTOCIIIKEHb po3citoBaibHOI 37aTHOCTI (P3) cBimuats, mo P3
SIEKTPOJITYy ocakeHHS MOKpUTTIB C0-M0-WOy 3HIKYETBCS 3 POCTOM TYCTHHH
ctpymy (puc.l), tomi sk ams enekrpoiity ocamxeHHs C0-Mo-ZrO, He3HauHO
3pocTae. 3HMKEHHSI PO3CIIOBAILHOT 3/1aTHOCTI €IeKTpoiTy ocamkeHHs Co-Mo-WO
MOB'sI3aHE CaMe€ 3 CYTTEBUM 3MIHEHHSM pelbedy MOBEpXHI 1 aMOp(HHUM CTaHOM
MOKPUTTIB (puC.2).

Z,nm . . . R Znm
X:48.0um  Y:48.0uw E:401.5nm [2.4:1) Zinm K:48.0um  T:48.0uw Z:871.5mm [3.9:1] ! H:48.0um Y:48.0um  Z:Z.Sum (Z.1:1]

=
370 805 Ra: 0.Zuw  Rg: 0.3um

Ba: 33.8mm By 43.0mm Ra: 59 Onm  Rg: 113 énm o s
2% 644

222 483

1386
924
148 322
74 161

a 0 B

Puc. 2. 3D-kapta moBepxHi ninxiaaku Ct3 (a) Ta nokpurrie Co-Mo-WOy (6), Co-
Mo-ZrO; (B). Ilnomia ckanyBanHs 48 X 48 MKkM

Buxonsiun 3 nanux puc.l, MoxkHa BBaXaTd, [0 ONTUMAIBHUMA HTEpBaJ I'YCTUH
CTpyMy 1181 enekTpoocamxeHHst HoKpuTTst Co-Mo-WOy cranoButs 3-5 A/nm?, a ais

ocamxenns C0-Mo0-ZrO; pexoMeHAYeThCS MIIBHUILIUTH TYCTUHY CTpyMy 10 4—
8 A/nm2.
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Ha mimcTaBi pe3ympTaTiB peHTTEHO(IIyOpECIIEHTHOTO aHalli3y BCTAaHOBJICHO,
mo a0 ckiaxy nokputrtiB Co-Mo-WOy 1 Co-Mo-ZrO; BKIIO4aIOTHECS HEMTOBHICTIO
BimHOBJICHI okcuau TyromuiaBkux MetamB WOy 1 ZrO;, o 103B0JISIE TO3UITIOHYBATH

X sIK KOMITO3HIIIHI TOKPUTTS (puc. 3).

a 4]
1 - CosM010Ws5016; 1 — C033M010Zr1Os;
2 — C071M09W7013 2 — CO46M0122r204o

Puc. 3. Biyanizamis i ckian (ar.%) mokpurtiB Ha ocHOBI Co-M0o-W (a)
Co-Mo-Zr (0), 36umemenns x5000. Pexxum ocamxeHns: i = 4 A/am?,
ti/tn = 5/10 mc

[Ipu upomy yrBOpeHHsa Apyroi ¢a3u (OKCUAIB MOJIOAEHY, BoJb(hpamy adbo
IIUPKOHIIO) BIIOYBaeThCsl O€3MOcCepenHb0 B €IEKTPOJHOMY TMPOIECl, TOMY
KUIbKICTh ~ HAaHOPO3MIPHMX YaCTHHOK, IO IHKOPHOPYIOTBCS B  METAIUHY
MaTpHIIO 3aJSKUTh Bil MapaMeTpiB €IeKTPoJiBy 1 xapakTtepy mnosspwu3aii. Cia
TaKO)X BII3HAYWTH HEPIBHOMIPHUN PO3IMOJALUT CIUIABOTBIPHMX KOMITOHEHTIB 1
OKCUTCHY TI0 TOBEPXHI MOKPHUTTIB, IO € HACIIIKOM TMEPEepO3IOLTy JIOKATLHHUX
TYyCTHH CTPyMy, a, BIIMOBIMTHO, 1 IIBUAKOCTEH BITHOBJCHHSI. BcTaHOoBICHI
3aKOHOMIPHOCTI ~ HAQJalOTh  MOJJIMBICTh THYYKOTO KEpyBaHHA CKJIaAoOM 1
Mopdosoriero, a, BiATaK, (YHKIIOHATGHAMH BIACTUBOCTAMH KOMIIO3UIIIHIX
CNEKTPOJIITUIHUX TTOKPUTTIB.

JlomaBaHHs OKCHIy BaHAIIl0 1O CKIAAy EIEKTPOJITIB A OCAIKCHHS
MOKPHUTTIB HA OCHOBI CIUIABIB KOOAIBTY JO3BOJUJIO OJEPKATH MOKPUTTA 3 BMICTOM

BaHaqir0 10 2% ar.
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IToBepxuss Ha naumtEKax 1 1 2 (puc. 4) BigpBHAETBCS MOPGOJOTIEID 1
KOHIICHTPAIIIEI0 CIUIaBOTBIpHUX MeTanmiB. @Pparment 1 (puc. 4, a) Bimmosimae
BKIIIOUEHHIO OKcuaiB Boibppamy WOy no ckmany mokputtiB. CKiaa MOKPUTTS Ha
auHOl 1 (puc. 4, ©) BiANMOBiAaE BKIIOYCHHIO OKCHIIB MOJIOAEHY 1 MUPKOHIFO

MoOy-ZrO; WOy 10 ckiamy CIiaBiB.

a 4]
1 — Cos7M015Wo6V5; 1 — Co70Mo02sZrsVy;
2 — C043M016W321020 2 — C049M016Zr,V103:

Puc. 4. Bzyanizanis 1 ckiap (ar.%) nokpurtiB Ha ocHOB1 Co-Mo-W-V (a)
Co-Mo-Zr-V (6), 36inpmenns x5000. Pexwm ocamkeHHs: [ = 6 A/nm?,
ti/tn = 5/10 mc

BucHoBkn

Takum YMHOM, Ha MIACTaBl MPOBEACHUX JOCIIKEHb BCTAaHOBJICHO
XapaKTEPUCTUKHU CJICKTPOJITIB 0CaKEHHS KOMITO3UIIMHNX MOKPHUTTIB CO-M0-WOy i
Co-Mo-ZrO,, a came po3ClOBaIbHY 3JATHICTb 1 MUTOMY €JIEKTPOINPOBIAHICTD.
3HAUEHHS EJNEKTPONPOBIIHOCTI JIHIMHO pPOCTE 3 MABUIICHHSAM TEMIIEpaTypu
enekTposity. OOrpyHTOBaHO ONTUMAaJIbHI 3HAYEHHS TYCTUHH CTPYMY JUJISL OCaJIPKEHHS
MOKPHUTTIB HAa OCHOBI CIUIaBIB KOO&IbTy Ha JAeTall CKIaaHOI KOHIryparri.
BcTaHoBieHo, 10 0 CKJIAaay TMOKPUTTIB BKJIIOYAIOTHCS HEMOBHICTIO BITHOBJICHI
OKCHUIU TYTOIUIABKUX METAIIB, IO JIO3BOJISIE MO3MINIOHYBATH iX SIK KOMITO3HUITIHI.
JlomaBaHHS ~ OKCHUIYy  BaHaAll0 7O  CJEKTPOJITIB  CIPHUAE  OCAIHKCHHIO

0araTOKOMIIOHEHTHUX CUCTEM KOOAIbTY 13 BMiCTOM BaHafio 10 2,0 at.%
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THE ROLE OF ELECTROLYSIS REGIMES IN THE
FORMATION OF METAL AND METAL OXIDE COATINGS
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Recently, the development of technologies for creating high-quality alloy
coatings with a specific arsenal of properties has attracted the attention of scientists.
The synthesis of electrode materials based on transition metals, mainly iron, cobalt,
nickel, is of particular interest [1-3]. Today, the main attention is paid not so much to
the electrodeposition of individual metals as to alloys based on these metals with
refractory components, in particular, tungsten and molybdenum [4—6]. These alloys
are more attractive due to significantly better functional characteristics compared to
the common monometallic coatings of zinc, copper, nickel, cobalt etc. Systems
containing molybdenum or tungsten are more complex and require more careful
study of the influence of creation conditions on the surface composition, morphology
and properties.

The current trend in materials science is the creation of composite coatings [7-
9]. Among the methods of such systems synthesis the electrochemical deposition
from stable electrolytes occupies an important place. Alloying components or
intermediate oxides are incorporated into the matrix of main metal. A promising step
in this direction is the synthesis of composite materials when oxide phase is formed
directly in the cathodic process. This greatly simplifies the process, because it does
not require preliminary synthesis of the second phase, stabilization and adjustment of

the electrolyte. From the analysis of scientific and technical literature, it became
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known that such systems have an inherent higher level of functional properties.
Therefore, verification of such a hypothesis regarding Fe-Co-Mo coatings and
determination of the influence of electrolysis modes on the composition and
functional properties of the cathode deposits was the goal of the work.

Experimental

Coatings with alloys and composites based on the Fe—~Co—Mo system were
deposited onto a M1 copper substrate at a temperature of 20-25 °C from complex
citrate electrolytes [10]. The composition of electrolytes was monitored and adjusted
as necessary. The acidity of the working solutions was determined using a pH-meter
pH-150M and maintained at a level of 4,5-4,85. The surface of the samples was
prepared according to the standard method, which consists of mechanical grinding,
degreasing, chemical etching, thorough washing and drying. A standard
electrochemical cell SEC-2 was used for studding of kinetic peculiarities of the
cathodic process. The modified laboratory version was a cylindrical thermostatic cell
with three inputs with sections for the working electrode, auxiliary and reference
ones.

Electrodeposition of ternary alloys in the was carried out using direct (DC) and
pulse current (PC) with a DC source B5-47 and a potentiostat PI-50-1.1 with a
programmer PR-8.

The topography of the surface was analyzed by atomic force microscopy
(AFM) using a microscope NT-206. In laboratory conditions the visual analysis of
the surface of coatings using an optical microscope was carried out. The chemical
composition of the coatings was determined by energy dispersive X-ray spectroscopy
using an Oxford INCA Energy 350 electron probe microanalyzer integrated into
system of scanning electron microscope (SEM).

To determine the free surface energy (FSE) of alloys and composites the sitting
drop method was used. The angle of contact and the angle between the tangent to the
droplet at the point of contact of the solid, liquid, and gaseous phases and the surface
of the sample were established. According to this method, the energy of a solid
surface contains the following components: the dispersion component, which is
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characterized by Van-der-Waals forces, and the polar component, which is
characterized by strong interactions and hydrogen bonds. [11]. The Fe-Co-Mo
coatings with thickness of 25+2 um were used to determine the FSE.

The corrosion resistance of the coatings was evaluated from the results of the
cathode & anode voltammograms analysis in the solutions of various mineralization
[12]. The sensoric properties of the synthesized coatings were tested by the “needle-
anvil” point contacts method [13]. According to this method, one electrode was
mounted on a element that moved along the surface of another electrode which was
fixed. The formed point contact was polarized with direct current linearly changed by
the generator, and the voltage drop was recorded on the multimeter
KEITHLEY 2000[14].

Results and discussion

The Fe—Co—Mo systems both deposited by DC and by PC modes have compact
surface with metallic luster [15]. However, some differences in the coatings
composition follow from SEM results. Depending on the electrolysis mode, the
surface of the coatings is characterized by a different content of components on the
hills and in the valleys [16]. An uneven distribution of the components over the
surface of the coatings deposited by direct current of i=3 A/dm2 was detected. On the
hills of the relief, metal molybdenum dominates due to the reduction of molybdate
ions through intermediate oxides to metal. On the contrary, the oxygen content is
higher in valleys and reaches 33—35at. % (Fig. 1). This is due to the incomplete
reduction of molybdates and the incorporation of intermediate oxides in the coating
composition. Under such electrodeposition conditions, the molybdenum content is
fixed in the range of 24.5-27 at. %. Considering the content of intermediate
molybdenum oxides in the composition of coatings, they can be classified as metal
oxide composite materials namely Fe-Co-MoOx.

A significant decrease in the oxygen content was observed in the coatings
formed by PC. This fact is due to a more complete reduction of molybdates and
intermediate oxides, which occurs not only at cathodic polarization, but also during
the current interruption. The first stage is the electrochemical one, and the following
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chemical reaction of molybdenum oxides reduction by adsorbed hydrogen atoms
occurs during a pause. On hills and in valleys, the oxygen content decreases to
21 at.% and 25 at.%, respectively [17]. So, coatings deposited by PC mode are
enriched with metallic molybdenum and contain less oxygen than that obtained by
DC mode. Accordingly, such systems may be classified as metal coatings.

50
l Fe-Co-MoOx

a0k Fe-Co-Mo —_

30}k — [
S e _
2 o 1 i | e .
= 20} —

10 H

0 -I 200120 2(f(z{jr)1211(2fjrfz2j11]2

Fe Co Mo O

Fig. 1. Composition of coatings deposited by DC mode
i = 3 A/dm? (Fe-Co-MoO,) and PC mode
i =3 Adm?, ton / tox = 5 ms / 10 ms (Fe-Co-Mo).
The graph shows the content of elements on the hills (1) and valleys (2).

The analysis results of the coatings with alloys and composites composition
were the reason to consider the difference in the deposits nature depending the
applied current mode. These differences affect the nature and surface properties of
the materials, reflected by FSE parameter. The FSE value characterizes the
wettability of the surface.

It is well known that adsorption on the coatings surface of oxygen ions, which
displace an equivalent amount of free electrons, leads to the formation of a passive
barrier film. Such a process significantly reduces the value of the surface free energy
[18]. Composite and metal coatings are predictably characterized by high values of
the polar component of FSE, which indicates the polarity of the surface. For example,
the copper substrate parameter is of 60.07 MJ/m2. Studies have shown that the FSE
for Fe-Co-Mo coatings is of 127.74 MJ/m?, and for Fe-Co-MoOy composite is
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slightly less (118.10 MJ/m2) but is twice higher than that of copper substrate. Such
differences can be explained by the high FSE values of the alloying components of
above ternary systems. Moreover, the decrease in FSE for composite coatings
compared to metal ones caused by the high oxygen content also confirms our
assumptions about the effect of coating composition on the state of coatings surface.

The relatively low values of the free energy of the studied surfaces are
evidence of the hydrophobicity of the obtained alloys and composites, and it is one of
the prerequisites for their high corrosion resistance. The protective properties of the
alloys were determined by polarization resistance technique. The corrosion behavior
of the ternary coatings noticeably differs from the low alloyed iron in all
solutions [19].

In an acidic medium (pH 3), the corrosion potential shifts to more positive
values, while the corrosion rate decreases due to the formation of film acidic
molybdenum oxides on the coating surface. In slightly alkaline and neutral
environments at pH 9.5 and pH 5, respectively, the corrosion potential shifts in the
negative direction due to passivation of the alloy surface by sparingly soluble iron
and cobalt oxides and hydroxides, which lead to inhibition of the cathodic reaction.

The analysis of corrosion resistance indices indicate that ternary alloy and
composite coatings may be attributed to “stable” in an acidic environment and “very
stable” in a neutral and slightly alkaline ones.

It is known that transition metals can be used as catalytic materials in various
electrochemical processes or as a sensitive component in sensor devices. Therefore, it
IS interesting to test the sensory properties of coatings with alloys and composites of
the Fe-Co-Mo system. The existence of sensory characteristics was established by
creating point contacts “needle-anvil” [12], which was tested in gas media of varying
composition. For study the effect of an gaseous agent, in particular hydrogen, on the
behavior of a Cu|Fe-Co-Mo point hetero-contact, hydrogen was added to the cell with
a short pulse to create a predetermined emitter concentration. The contact resistance
Ro in the equilibrium state before the onset of gas exposure was of 20 Ohms. The
effect of a gas pulse was recorded from 25 seconds of exposure (Fig. 2). Due to
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hydrogen adsorption on the surface of the conduction channel of the formed point
contact, an increase in its resistance is observed, which leads to a decrease in

electrical conductivity.

[ Fe-Co-MoOx
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Fig. 2. The chronogram of point contacts Cu|Fe-Co-Mo and
Cu|Fe—-Co—MoOx response; the effect of hydrogen with a concentration of
0.1 vol.%

The duration of the step-like decrease in electrical conductivity indicates the
course of irreversible processes of interaction of hydrogen with the surface of the
synthesized alloy. It was found that within 175 seconds of exposure to the emitting
gas, the resistance reaches a maximum. Slightly lower values of electrical
conductivity for composite metal oxide material are primarily due to the high content

of refractory component oxides. Such behavior may be explained by two reasons.

Table 1. Electric-physical parameters of surface oxides

Metal Oxide Specific resistivity Chemical nature
p (Q-cm) 293 K

Co CoO 106-1010 basic
C0304 4-103-10° amphoteric

co FeO 105-108 basic
FesOq4 4.10-3 amphoteric
MoO, 8.8:105 amphoteric

Mo MoO; 104 - 108 acidic
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In general, the increase in the electrical resistance of coatings with alloys and
composites is probably due to the appearance of defects in the structure of metal sub-
lattice as a result of the diffusion of hydrogen into the surface of coatings by ternary
alloy. The other reason is the possibility of gaseous hydrogen reducing the surface
layers of MsO,4 spinel to MO oxides (M — Co, Fe), the resistance of which is much
higher (Table 1). Testing of sensory properties confirmed the gradual change in
electrical conductivity and high resistance of composite Fe-Co-MoOy and metallic
Fe-Co-Mo coatings.

Conclusions

1. Using a galvanostatic and pulsed modes of ternary alloy coating, Fe-Co-Mo
systems with a dense surface with a metallic luster were obtained. At the same time
the high content of molybdenum in the coverings synthesized by pulse electrolysis is
established. Coatings that have been formed by direct current are characterized by a
higher oxygen content in hills and in the valleys than coatings obtained by a non-
stationary polarization regime. The differences in the composition of the coatings are
explained by the chemical reaction of the reduction of intermediate oxides of
molybdenum by hydrogen atoms as a result of the implementation of the Spillover
effect during the pause. Coatings obtained from complex citrate electrolytes by direct
and pulsed unipolar current can be classified as composite and metal coatings,
respectively.

2. It was found that the value of the free energy of the surface of metal coatings
and composites is 127.74 MJ/m? and 118.10 MJ/m2, respectively. The FSE of the
surface of Fe-Co-MoOy composites is lower than the corresponding values for the Fe-
Co-Mo metal alloy due to the higher oxygen content in its structure. Such composite
coatings are chemically stable. In addition, Fe-Co-Mo(MoO,) coatings are
characterized as hydrophobic coatings.

3. Fe-Co-MoOx composite and metal Fe-Co-Mo coatings have sensory
properties for individual components of gaseous media and can be used as a sensitive
element material for the sensor in determining the hydrogen concentration.
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THE INFLUENCE OF COMPOSITION OF ELECTROLYTE AND
REGIME OF ELECTROLYSES ON THE FORMATION OF ZINC
COATING

Yevtushenko M. P., Makyeyeva I. S.

Kiev National University of Technologies and Design, Kyiv, str. Nemirovich-
Danchenko, 2, 01011

A comparative characterization of electrolytes for zinc coating by electrolysis was
performed. The map of technological process of electrodeposition of a zinc covering
Is offered. It has been shown that zincate electrolytes are the most effective for this
process. The use of shiny additives and surfactants improves the process. The use of
pulsed electrolysis mode leads to the formation of nanocrystalline coating.
Keywords: electrolyte, corrosion protection, electrolysis regime.

BIIVIUB CKUIAAY EJIEKTPOJITY TA PEXKHUMY
EJIEKTPOJII3Y HA ®OPMYBAHHSA IMUHKOBOI'O ITIOKPUTTA

€Brymenko M. I1., Makeea . C.
Kuiscokuti nayionanvruil ynisepcumem mexuonozit ma ousauny, Kuis,
eyn. Hemupoeuua-/lanuenka, 2, 01011

[IpoBeneHa MopiBHSAJIbHA XapaKTEPUCTHKA EICKTPOJITIB I HAHECEHHS IIMHKOBOTO
MOKPUTTS  eNeKTpoiizoM. [IpomoHOBaHa  KapTa  TEXHOJIOTTYHOTO  MPOIIECY
nuakyBaHHsg. [loka3zaHo, mo HalOUIBIT e(QEKTMBHUMHU IS TaKOTro TMPOIECy €
IIMHKATH1 €JIEKTPOJIITH, SIKI IPU 3aCTOCYBaHHI OJMCKOYTBOPIOKOYUX JT00aBOK Ta [TAP
MOKPAIIyIOTh MPOIEC. 3aCTOCYBAHHS IMITYJIbCHOTO PEXHUMY €JIEKTPOJI3Y MPUBOIUTH
10 hopMyBaHHS HAHOKPHUCTATIIHOTO TOKPHUTTS.
Ku1r040Bi cJ10Ba: €1EKTPOJIT, KOPO3IMHUN 3aXUCT, EIEKTPOTIBHUM PEXUM.
HaneceHHS NMHKOBOTO TIOKPHUTTS CJICKTPOXIMIYHMM METOJIOM MAa€ IIMPOKE
NOIIMPEHHS B TIPOMHCJIOBOCTI [JIi 3aXUCTy CTaJeBUX BHUPOOIB BT KOPO3Ii.
EnexTposniTHuHe IUHKOBE TOKPUTTS BIUIPBBHIETHCS 3HAYHO MEHIIOK KPUXKICTIO,
OUTHINIOI0 TUIACTUYHICTIO Ta TapHUM 3YCIJICHHAIM 3 OCHOBHHM METaJOM, HDK
MOKPHUTTS IUHKOM, IO HAHOCATHCS IHIMMMH CcIocoO0amMu. EnexTpoXiMidHui crmocio
JO3BOJISIE TOYHO PEryJIOBaTH KUIBKICTh ITMHKY, sIKa HAHOCHTHCS Ha IMOBEPXHIO Ta

OTPUMYBATH Ha BHpoOax HECKIAaaHOI KoHbIryparii pIBHOMIpHI TOKpUTTSA. Bucoka

CTYIHb YHCTOTH HAHECEHOTO METaly, XIMIYHA Ta MEXaHIYHA CTIMKICTh IIMHKOBOTO
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MOKPHTTS €JIEKTPOJI3OM POOUTH IIEH MPOIleC MPAKTUIHO HE3aMIHHUM 1 JeTallbHE
HOTO TOCIIKEHHS € aKTyaJIbHUM.

Ilocmanoska 3ae0anusn

OcHoBHUMU (haKTOpaMH BIUTMBY Ha (DOpMYBaHHS OCAMIB € CKIIAJ €ICKTPOJITY
Ta PEXKUM EIEKTPOJIi3Yy (I'YCTHHA CTPyMYy, YIbTPa3BYK, IMIOYJIbC Ta iH.). 3aBIaHHS
MoJsira€ B JIOCHIKCHHI BIUIMBY ITMX (aKTOPIB Ha BJIACTUBOCTI ITMHKYBAHHS
pamioTexHigHUX neranerd 31 ctami mMapku Ct3. Ilo ckmagHOCTI KOHbIryparii aerani
BITHOCSATHCS JIO JIPYToi rpynu (KpiICHHS, penbedH] 1 MTaMIIOBaHI AeTali, 0 He
MalOTh TOPOXKHHUH, Y KX MOXKE 3aTPUMYBATHCS E€IEKTPOJIT). YMOBH €KCILTyaTaltii
BITHOCSITh /IO JIETKMX, TaK SK BOHM BHUKOPHCTOBYIOTbCS B NPHUMIIMICHHIX 3
HOPMAaJIbHOIO TEMIIEPaTypOIO Ta BOJIOTOIO.

Peszynomamu 0ociniosrcens

JIig 1MHKYBaHHS BUKOPHCTOBYIOTHCSI EIIEKTPOJITH SIK HAa OCHOBI MPOCTHX
TiApaTOBaHUX 10HIB IMHKY, TaK i KOMIUIEKCHUX 10HIB [1]. JIo enekTponiTiB Ha OCHOBI
NPOCTUX TIAPATOBAHUX 10HIB IUHKY BITHOCATH CyibdaTHi, 00pHTOPUIHI, XIOPUIHI
CJIEKTPOJIITH.

CynbdarHi KUCI1 €IEKTPOJITH NPOCTI 3a CKIAAOM, CTaOUIbHI B POOOTI, HE
BUMAararmTh CIEIIaJbHOT BEHTWISLI 1 MiAirpiBaHHA. Buxim 3a cTpyMOM B IUX
eJIEKTPOJIITaX CTaHOBUTH 96 - 98 %. Ocaan MarTh MOPIBHSHO IPYOOKPHCTAIUHY
CTPYKTYpPY, iX pO3CitoBajJibHA 3/IaTHICTh HU3bKAa, TOMY B CY/Ib(aTHUX €IEKTPOJITaX
MOKPUBAIOTH JIUIIIE JeTalll TPOCTOi (GOpMH.

3 60phTOpUAHUX EIEKTPOJITIB IIMHK OCAJKYEThCS TMPU BUCOKUX T'YCTHHAX
CTpyMy. 3 HUX OTPUMYIOTh 33JI0BUTLHI TOKPUTTS Ha YaByHL Po3ciroBajibHA 37aTHICTD
OOp(PTOPUIHOrO ENEKTPOJITY HU3BKA, SIK Y CYJIb(PATHOTO ENEKTPOJITY.

XJIOpUIHUN ENEeKTPOJIT BUKOPUCTOBYIOTH JJIsI TIOKPUTTA JeTalel 3 cepeaHiM
penbeom. Po3ciroBanbHA 3[1aTHICTh I[LOTO €JIEKTPOJITY BUIIE, HDK Y CYJb(ATHOTO.
[ToKpUTTS B IbOMY €IEKTPOJIITI OTPUMYIOTh HAIBOJUCKYYNMHU.

Cepen KOMIUIEKCHUX €IEKTPOJIITIB IIUHKYBaHHs HalO UIbII MOLIMPEH] 11aHICT],

nipodocdarHi, IUHKATHL
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B miamicTHX enekTposiTax OTPUMYIOTH APIOHOKPUCTAIIYHI, PIBHOMIPHI 3a
TOBIIMHOIO IUTBKM Ocaly IIMHKY. IX BHMKOPHCTaHHS TNOTpedye iHAMBiNyaabHOI
BEHTWJIAL, CHEIAILHUX 3aX00IB IOA0 CKUAAHHS Ta 3HEIIKOMKEHHS CTIYHUX BOJ, B
SKUX TPOMHUBAIOTHCS JCTAJl MICIS MOKPHUTTSA ITMHKOM, 1 0COOIMBOI 00EpEKHOCTI B
eKcIuTyararlii. PoscifoBallbHa 3aTHICTh IIAHICTHX EJIEKTPOJITIB BHCOKA, BOHA
3QICKUTh BiJ CKIAQTy EJICKTPOJITY Ta PEKUMY €IeKTpojidy. BoHa pizko 3pocTtae 3
POCTOM KOHIIEHTpAIlii BUILHOTO ITIAHICTOTO0 HATPit0. 3 POCTOM KOHIICHTpAIlii MUHKY 1
MIIBUIIICHHS TEMIIEpaTypHu PO3CIFOBAIbHA 3AAaTHICTh 3MEHIITYETHCS.

AMiakaTH1 €JEKTPOJIITH IMHKYBaHHS 3a BEIMYMHOK TOJIIpHU3aIlii IpHu
BHJIUVICHH]1 MIMHKY HeHA0arato IMepeBHINYIOTh KHUCII CIEKTPOJITH, aje MOCTYMAlThCs
JY>)KHAM 1 IIaHICTAM eJNIeKTpoJiitaM. ToMy iX pEKOMEHAYIOTHh [JIsi OCaIKECHHS
IIUHKOBHX MOKPHUTTIB HA feTaii 1-1 1 2-i TpyI CKIaHOCTI.

[ommiranaHUI  €NEKTPOJIT IMHKYBAaHHS € aJbTEPHATHUBOIO INAHICTOMY
enexktpoiiry. [lokpurrs Omuckyde, apiOHOKpucTanidHe. EnekTposir ctabimbHUII B
eKCIUTyaTallii, HeTOKCUYHHUM, aje € TPYAHOII 3 MpHuAOaHHsAM mipodocdaTy Kairo,
KU Ha YKpaiHl HE BUTOTOBIISIETHCA.

VY ny>)kHOMY eNeKTpOJITi NIMHKYBaHHS 0e3 no6aBok [TAP koMmakTHI IIMHKOB1
OCAIK{ HE BITHOBIIOIOTHCSA, YTBOPIOIOTHCS TI'yO4YacTi MOKPUTTSA HABITh IMPH T'YCTHHI
CTpyMy Ha0arato MEHIIMX TpaHWUYHOI TycTHHH. [Ipu BBEIEHHI B EIEKTPOJIT
HEBEJIMKOI KUIBKOCTI coJieii Sn, Pb, Sb, As MOKpHUTTS cTafOTh KOMITAKTHUMH, aJic B
BY3bKOMY IHTEPBAJIl TYCTUH CTPYMY.

bumbin nmpumatHUM JJISI TIOKPUTTS  JI€Tajled € [MHKATHUM  EJIEKTPOJIT
muHKyBaHHsS 3 gob6aBkamu HBI[-O 1 HBII-K [2]. Llei enekrposit HE MICTHTH
IIK JJIMBUX PEUYOBHH. ENEKTPONIT HMHKYBAaHHS Ma€ BUCOKY PO3CIIOBAJIbHY 3JaTHICTD,
cTaOUTbHUM Y po0OTI, 3a0e31euye 0CaIKEeHHs BUCOKOSIKICHOTO TOKPHUTTS.

IIpu poOOTI LMHKATHOTO EJIEKTPOJITY MEepediraroTh TaKl peaKLii:

Ha anogi iiie poO34MHEHHS LIMHKY 3 YTBOPEHHSIM KOMILJIEKCHUX I0HIB:

Zn + 40H = Zn(OH),* + 2e
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[Ipu yTrBOpeHHI OKCHAIB a00 BaXKOPO3UYMHHHX COJBOBHX ILTIBOK METal MOXKE
NEepeXOUTH B MACUBHUM CTaH, NPU SKOMY YacTKOBO a00 LUIKOM MPUIHUHIETHCS
PO3YHMHEHHS ; TOJI1 aHOTHA PEAKITisl 3BOUTHCS /10 BUIUICHHS KHCHIO:

40H = O, + 2H,0 +4e
Ha xaroi fime peakiis BUIUICHHS ITUHKY:
Zn(OH)42% + 2e = Zn + 40H-.

[MapanensHo 3 BUAUICHHSM LUHKY Ha KaTo/1 /1e He3HAYHE YTBOPEHHSI BOTHIO:

2H,0O +2e = H, + 20H-

Okcun IMHKY 1 IIKWA HaTp YTBOPIOIOTH Y PO3YHHI TIIPOKCOKOMITIICKCH ITUHKY.
OO060B’ ;3BKOBOI0 YMOBOIO OJIEp KaHHSA AKICHUX MOKPHUTH € MPUCYTHICTh y €IEKTPOJITI
ommckoytBoproBaua (o6aBku HBI[-O ta HBII-K). [[ns1 mpurotyBaHHs elIEKTpOITY
PO3UMHSIIOTh Y BOJI iAKWWA HATp 1 JOMAIOTh KaIIOMOMIOHWN OKcua UWHKY. licis
PO3YMHEHHS OKCHUY IMHKY BBOAATH B po3unH q00aBky HBII-O (tabm. 1).

Bubip KOMIUIEKCHOTO €IEeKTPOJITY I OCaPKEHHS JPIOHOKPHUCTATIIIHOTO
MOKPUTTSL HE 3aBXKIU OMNPAaBIaHUM, OCKUIbKM MOPIBHAHO 3 MPOCTUMU BOHHM MEHII
OPOAYKTHBHI, CKJIaJHI B OOCIYrOBYBaHHI, a Jesdkl (LIaHIOH1) # €KOJIOTIYHO
HeOe3neuHl. Tomy g 3MEHUIEHHS PO3MIPY 3€pHa B METAJEBOMY MOKPHUTTI Ta
CIIBOCAKEHHSI METAJIB, SIK1 ICTOTHO BIIPI3HSIOTHCS 3a 3HAYEHHSM CTaHIApPTHUX
CJICKTPOHUX TOTEHINAIB, B OCTaHHI 4acu BHKOpuUCTOBYIOTH IIAP [3, 4, 5, 6, 7].

Brume [IAP noBs3yroTh 3 ancopOLier0 iX NOJSIPHUX MOJIEKYJ Ha KaTOAHINA
NOBEPXHI 3 YTBOpPEHHSAM ciabkoro ¢iuyHoro Oap'epy. Taxuii Oap'ep crnpuuuHsie
KaTOJIHy TOJIIPU3AIIil0, MPUCKOPIOE 3apOAKOYTBOPEHHS, IO CHPHUIE OCATKEHHIO
MeTally. 3MIHIOETBCS OpIEHTalllsl KpUCTaIiB 1 Mopdosorisi moBepxHi ocamy [§].

Edext ITAP 3anexxuts BiI NpUPOAH BITHOBIIIOBAILHOTO METAy, TEMIIEPATypH,
METO/IIB MIABEJCHHS CTPyMy Ta ioro mapamerpiB. B3aemo3B's130k MDK BILUTUBOM
PESKHUMIB E€IEKTPOJIBY € CKJIaAHUM 1 Takl B3a€EMO3AJIEKHOCTI PO3IJIiIal0Th
KOMIUIEKCHO. YTBOpEHHsI MoBepXxHeBUX KoMIUlekciB [TAP crpuuunsie cBoepimHmMii
3TJIQKYBAIBHUA epeKT mil 4ac (QOpMyBaHHS CTPYKTYPHUX YAaCTHHOK OcCafy.

OpraniuHi A0JaTKU CHPUSIOTh YTBOPEHHIO HAHOPO3MIPHUX YACTUHOK C(hepUyHOL
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dbopMH, MO ICTOTHO 3MIHIOE TIPOCTOPOBY OPIEHTAIIFO ITOKPHUTTS Ta 3a0e3Iedye

BHCOKY KOMITAKTHICTh Ta TJIaIKICTh TOBEPXHI.

Taoauus 1. Kapta TeXHOJIOTTMHOTO NPOLIECY HUHKYBAHHS

Omneparrist Cxiag po3unHy 1 Pexum
KOHIICHTpAIIis
HaiimenyBanus r/mm® | Yac 06pobku, | Temmeparypa, | ['ycTuna
KOMITOHEHTIB, XIMIYHA XB °C CTpyMY,
popmyna A/mm?
MoHTax jaeraneii Ha MiIBICKY
EnexrpoxiMiaHe Harp inxuii (TexH.) 8-12 0,5-5,0 60-70 1-2
3HEXHPEHHS mapku TP
KaTOJHE Tpunarpiiiocdar 4-6
Cona KaJplIMHOBaHAa 8-12
TEeXHIYHA
Cunikat HaTpito 25-40
PO3YMHHUI
EnexrpoxiMiuHe Hatp inxuii (TexH.) 8-12 0,5-3,0 60-70 1-2
3HEeKUPEHHS mapku TP
aHoOJIHE Tpunarpiidocdar 4-6
Cona KaiplMHOBaHa 8-12
TEeXHIYHA
CutikaT HaTpIO 25-40
PO3YMHHU I
[IpomuBka rapsua | Boga 1-2 60-70
[IpomuBka Bona 1-2 15-30
XOJIOJTHA
TpaBnenns Kucnora cynsgarna 200- 2-5 15-30
TEeXHMHA 220
[aridrop KI-1 5-7
Kackanna Bona 1-2 15-30
MIPOMHBKA
[HuuakyBaHHS Oxcu MUHKY 10-17 |19 15-30 1-4
Harp inkuii 90-120
HBII-O 4-6
HBII-K 4-6
VHoBIHOBaHHS Bona 1-2 15-30
[MpomuBka Bona 1-2 15-30
XOJIOJTHA
XpomaryBaHHs Kucnora asorna 4-9 0,5-1,0 15-30
Harpii 25-35
JIByXpOMOBOKH CJTU I
Cynbgar HaTpito 10-15
[IpomuBka Bona 1-2 15-30
XOJIOJTHA
IIpomuBka Tenna | Boga 1-2 40-45
Cymika 5-10 45-55

JleMOHTak eTajield 3 MiIBICKH
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[linBUIIEHHSI TYCTUHHU CTPYMY NMPUBOAUTH JI0 3POCTaHHS HIBUAKOCTI MPOLECY
3apOJIKOYTBOPEHHS, MIPOTE BOJHOUAC CHpPUYUHAE (OPMYBAHHS IIOPCTKOI MOBEPXHI
HOKPUTTS. 3HAUYEHHS LIbOTO MapaMeTpy €IeKTPOJI3Y Y3roKY€EThCS 3 HILIUMU: TUIIOM
eJIEKTPOJITY (MPOCTUI YU KOMILIEKCHUI), TEMIIEPATYPOI0, XapakTepoM MiABEICHHS
CcTpyMy (CTallioHapHUM, pEeBEPCHUH, IMITYJILCHUIA).

AHani3 JITepaTypHUX JaHUX OCTAHHIX JBOX JECATHIITH CBITYUTh, IIIO
HailepekTuBHIIIMM  (akTopoM (GOpPMYBaHHS HAHOKPUCTAIUHUX TMOKPHUTTIB €
IMITYJTbCHUN PEXHM eJIeKTpoocapkenns [3, 9, 10, 11].

OcTaHHIM 4YacoM HAHECEHHS HAHOKPUCTAIIYHUX METAJIEBUX MOKPUTTIB €
OJHUM 13 TIPIOPUTETIB eneKTpoxiMii. HaHoCTpykTypoBaHi MeTalieBl MOKPUTTS (3
po3mipom 3epeH 10 100 HM), 30KpeMa €IEKTPOXIMIYHO OCAIKEHI, BUPIZHIIOTHCS
YHIKQJIbHUMU BIAacTUBOCTSIMU. Cepell HUX, 30KpeMa, MiIBUIICHUMHU MeEXaHYHUMU
XapakTepuCcTUKaMu  (MILHICTIO,  IUIACTUYHICTIO),  KOPO31{HOI  TPUBKICTIO,

KaTaJIITHYHOIO aKTHBHICTIO, MArHITHUMH BJIACTUBOCTSIMH.

o Current Density(A/dm?)
- Lot @ @

te

-~

-~

Y
et

Current Density @
TF

|
o~
r\
t_;

Times

Puc. 1. Cxematuysi giarpaMu CTpyMIB iMIyJbc-may3a (), immynsc-peepce (b) ta
KOMOIHOBaHUX IMITyJIbC-TIay3a-peBepc (C)
113



HaitgacTimre nst popMyBaHHS HAHOKPHCTATIIHUAX TTOKPUTTIB BUKOPUCTOBYIOTh
CIITYIOYH BaplaHTH IMITYJIBCHOTO €IEKTPoJi3y (puc. 1):

1) iMmoynbc/may3a; 2) IMIyJIbC KaTOJHOTO CTPYMY/IMITYJIbC aHOHOTO CTPYMY;
3) komOinamist (1) ta (2).

[TopiBHSHO 31 CTaIllOHAPHUM PEKHAMOM, KaTogHa TYyCTHHA CTPyMy 3a
IMITyJTbCHOT'O € Ha TIOPSJIOK BHIIOFO, IO 3yMOBJICHO NMO3WUTHBHUM BILUTMBOM TIay3W Ha
mudy3iiHI TpolecH y KaroJHOMY Imapi. 3HAYEHHS KaroAHMX CTpyMiB (ic)
miIOMpParOTh TaKi, 00 3a BIIMOBITHUX 3HAYEHb TPUBAIOCTI IMITYJIBCY (Ton) Ta HAy3H

(Toff)

HAaHOPO3MIPHHX 3€PCH MOKPHTTS.

a00 TpPHBAIOCTI aHOJHOTO 3a0e3meunTy  (POpMyBaHHS

cTpymy  (Ta)

BruuB 1on Ta Toff HA MOP(OJIOTIIO OCaAY Ta FTEOMETPIIO 3€pHA B HbOMY ITOKA3aHO
y [10]. 36inpmenHs TpuBagocTi iMmynbey Big 0,5 10 2 mS cIpUyYWHSIE 3POCTAHHS
3epHa TMPaKTUYHO BJABIYIL. 3HAYHE 30UIBIICHHS TPHUBAJIOCTI May3u Big 2 10 50 ms

NPHU3BOJIHTH 10 CYTTEBOTO 3POCTaHHs 3epeH (Tabi. 2).

Taoauus 2. 3HadeHHs cepeIHbOKBaAPATHUHOT HEPIBHOCTI (Ryms) IMHKOBHX
MOKPHTTIB, OCAJKCHUX IMITYJIbCHUM elieKTpoJtizoMm [10].

le, A/cm? Rms (NM) | Ton, MS Rms (NM) | Tosr, MS Rrms (NM)
(ton=0,5ms; (.=0,2 A/cm?) (.=0,2 A/cm?)

Toff:2 ms)

0,05 88 0,1 47 1 81

0,07 31 0,2 24 2 25

0,1 33 0,5 25 5 52

0,2 24 1 46 10 58

0,5 45 2 45 20 55

1 50 - - 50 130

2 70 - - - -

30UTbIICHHST TPUBAIOCTI IMITYJIbCY ab0 May3u

cripusie pocTy 3aponkiB. Taka

3aKOHOMIPHICTh CIIOCTEPIra€ThCs y HEBEIMKOMY J1ana30Hl 3HAYEHb TonUH Toff.
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BucHoBku

1. 3acTocyBaHHS HOBHX OJFCKOYTBOPIOIOUHMX JT00ABOK B CKJIAl ITMHKATHUX
CIIEKTPOJITIB € EKOHOMIYHO BWTIIIHMM BHACIIOK 3HIDKCHHS TeMIIepaTypu
MIPOBEACHHS TPOIIECY Ta 3MEHIIICHHS BUTPAT HA OYMIICHHS CTIYHUX BOJ Bil CTIMKUX
OpraHiYHIX KOMITICKCHHUX CITOJTYK.

3aBOSKA 3aCTOCYBAaHHIO HOBHX OJMCKOYTBOPIOIOYHX J00OABOK ITMHKATHI
CIIEKTPOJITH HAOYBArOTh IMOKPAIIEHUX BJIACTUBOCTEH Ta PO3IIHMPIOIOTH MOKIHUBOCTI
nanoro mnpomecy. CydacHI IMHKATHI EJCKTPOJITH XapaKTePU3YEThCS BHCOKOIO
3IATHICTIO O PO3CIFOBAHHS, € €KOJOTTIHO OE3MMEYHUMH, YTBOPIOIOTH PIBHOMIPHI Ta
BHCOKOSIKICHI TIOKPHTTS, CTaOUIbHI B POOOTI, MOKPAIIyIOTh TEXHOJIOTIYHI YMOBH
MIPOBEACHHS €TICKTPOJII3Y.

2. llpioputeTHUM HampaBieHHIM (QOpPMYBaHHS LIMHKOBUX TOKPHUTTIB €

IMITYJILCHUM PEXUM eJIeKTpoocakeHHs Ta [TAP.
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THE INVESTIGATION OF THE PROPERTIES OF THE
COMPOSITE COATING Sn-Ni-TiO>

Melnik O. G., Makyeyeva l. S.
Kiev National University of Technologies and Design, Kyiv, str. Nemirovich-
Danchenko, 2, 01011

Nanosized titanium dioxide is synthesized by direct oxidation of powdered titanium.
Its influence on the cathodic polarization of the processes of electrochemical
deposition of Sn, Ni and Sn — Ni alloy in a fluoride-chloride electrolyte is established.
The effect of the pH of the electrolyte on its stability and the quality of the resulting
coatings is shown. It was found that the deposition process should be carried out in
the electrolyte pH range 3.0 £ 0.1 and current density 1.0 £ 0.1 A/dm2. It is shown
that the introduction of 2 g/dm? of titanium dioxide into the electrolyte leads to its
incorporation into the coating composition. The morphology and phase composition
of the obtained coatings were studied.

Keywords: electrochemical coating, electrolyte, polarization, microstructure.

UCCJEJOBAHUE CBOMCTB KOMIIO3UILIUOHHOTI'O
MOKPBITHUS Sn-Ni-TiO:

Mensnuk A. I'., MakeeBa . C.
Kuesckuii nayuonanvuwiii ynusepcumem mexuono2ut u ousaina, Kues, yu.

Hemuposuua-/lanuenxo, 2, 01011

VYCTaHOBNIEHO BIMSHUE HAHOPA3MEPHOIO JAMOKCHIA THUTaHA, CUHTE3MPOBAHHOTO
OpSIMBIM  OKUCJICHHEM TIOPOIIKOOOPAa3HOTO TUTAHA, HA KATOIHYIO TMOJSPU3AIIUIO
TPOIIECCOB AEKTpoxuMudeckoro ocaxaenus SN, Ni u crmmaBa Sn—Ni Bo ¢ropunHo-
xJopuHOM 3ekTposmurte. [lokaszano Biusinue pH anekrponnra Ha ero cTaOUILHOCTD
M Ka4ecTBO TIOJIy4aeMbIX MOKPHITHNA. YCTaHOBJIEHO, YTO TPOIECC OCAXKICHUS
nesnecoo0pa3Ho NpoBoAuTh B auanaszoHe pH snekrponmra 3.0 + 0.1 u muoTHOCTH
toka 1.0 £ 0.1 A/nm? . TlokazaHo, 9TO BBEACHHUE B JJIEKTPOJHUT 2 T/AM° THOKCHIA
TUTaHA MPUBOJUT K €r0 BHEIPEHHUIO B COCTaB MOKPHITUS. V3ydenbl Mopdororus u
(a30BbIi COCTAB MOJYyYEHHBIX TOKPBITUH.

KiroueBble cJI0Ba: 3JEKTPOXUMUYECKOE MOKPBITHE, AIIEKTPOJMT, MOJISpHU3aLus,

MUKPOCTPYKTYpa.

B MMoCJICAHCC BPEMA OJHUM H3 IICPCIICKTHBHBIX Hal'lpaBJIeHI/If/'I I/ICCJ'IGIIOBaHI/Iﬁ

SABJEICTCA TIOJIYYCHHC HAHOKOMIIO3UTHBIX HOKpBITHfI C pasjiMIHbIM BHCAPCHHCM
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yacTuil. B kauectBe nnepTHOM (ha3bl MoryT BeicTymars SiC [1], ALOs[2, 3], TiN [4],
TiO,[5-7], yraepoausie HanoTpyoku (YHT)[8] u moammepsl, Takue Kak
nomuterpadropatuied (IITPD) u mommdtunen (I13) [9, 10]. HamocTpykTypHBIi
TiO, — akTuBHBIA (OTOKATAIM3ATOP, CIOCOOHBIM IMOJ BO3IEHCTBHEM MSIKOIO
yIbTparoIeTOBOro m3rydeHus (cosHedHbld cBer, UVA namma) CTUMYIHpPOBATh
XUMHUYECKUE PEAKINH PA3JIOKEHUSI OpraHndecKux coeauHeHnil. Cieayer OTMETHUTb,
YTO OKCHJl TUTaHa, KOTOPBIM BCTPEYACTCS] B MPHUPOJIC B PA3IUYHBIX MOIUDUKAIIAIX
(anata3, pytui, OpyKWT) Kak MpaBuiio, He sBisiercs (oTokarammzaTtopom. Jlims
noyiydeHuss (oTOKaTATUTHUECKUX CBOMCTB TiO, momKeH ObITh CUHTE3MPOBAaH B
OTIPEICNICHHBIX YCJOBUSX W HMMETh HAHOPa3MEPHYIO CTPYKTypy. B HacTosmmii
MOMEHT W3BECTHO, YTO HanOOJbIIEH (POTOKATAIMTUUECKOW aKTUBHOCTHIO 00JIaJat0T
HaHOpa3MepHbIe YacTuIlsl 110, oT 10 1m0 50 HM.

I cuHTe3a (POTOKATATUTHUECKOTO HAHOCTPYKTypHOoTO TiO2 CyIIeCcTBYIOT
pasnuuHble MeToAbl. OTHAKO OOJBIIMHCTBO METOAOB MO3BOJISIOT MOJy4YaTh TOJBKO
MOPOIIKOOOpa3HbIi (hoTOKATAIM3aTOP, MPUMEHEHHE KOTOPOro OrpaHuyYeHo. B cBsa3u
C 5TUM OCHOBHOMW aKIICHT JI€JIaeTCS Ha CO3JaHHME TMOKPHITHH C HAHOCTPYKTYPHBIM
TiO,. M3ydeHbl KOMIIO3MIIMOHHBIC IOKPBHITHS Ha OCHOBE ITMHKA, MEIH, OJIOBA,
aukens: Zn-TiO; [5, 6] u Ni-Zn-TiO; [7], Cu-Sn-TiO; [11], Ni-TiO; [12]. Beenenue
TiO, BO BceX  HCCIENOBAaHHBIX  COCTaBax  CIOCOOCTBYET  YBEIUYCHUIO
MUKpPOTBepOocTH B 1.5—2 pasza, ocaxnaroTcs MOKPBITUS C 00Jiee KOMITAKTHOMU
CTPYKTYpOH, TIOBBIIIICHHBIMHU AHTUKOPP 03MOHHBIMH CBOMCTBaMH,
U3HOCOCTOMKOCTBIO.

Hcnonb3oBanne TiO, M3ydeHO B psiji€ MOKPHITUH, HO HET CBEACHUNA O €ro
UCII0JIb30BaHUH B KOMITO3UIIMOHHBIX MOKPBITHSIX HA OCHOBE CTJIaBa 0JIOBO-HUKEIT.

lenpi0 HACTOSINIETO HWCCIEIOBAHUS SIBISAECTCS TMOJYYEHHE MOKPBHITHSA OJIOBO-
HUKEITb-THOKCH]I THTAaHA ¥ U3y4YEHHE €0 CBOMCTB.

Memoouka Ikcnepumenma

Hanopa3MmepHbIii AMOKCHI TUTaHA CUHTE3MPOBAIMA TPSMBIM OKHCIICHHEM
HOPOIIKOOOPa3HOTO METAUTMYECKOTO TUTaHa o meroauke [13]. B pesynbrare storo

CUHTE3a TOJIy4aroT CMeCh ABYX MOJUMOPGHBIX MOAU(UKALNUNA TUOKCHIA THUTaHA —
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aHaTaza W pyTuiia, KOTOpeii umeeT pazmep udactui] 30—50 aM. Kommno3uimoHHOE
MOKPBITUE HUKEIb-OJI0OBO-IMOKCUJ THUTAaHA TMOJy4adu »dJICKTPOXUMHYECKH U3
bTopunHo-xm0opuaHOTO ekTpoanta, (r-am3): NiCk-6H,O — ot 250 mo 300; SnCl, -
2H,0 — ot 45 no 50; NH4F — 60 mpu temmieparypax 50°C u 70°C u mioTHOCTH TOKa
1 A/am2. ConmepkaHue IHOKCHIA THTaHA B JJIEKTPOJUTE COCTaBILLIO 1-2 1/aMm3.
Tonmmua nokpbiTusa: 9 MkM. TepMocTaTMpoBaHHE SYEHKH OCYIIECTBIBLIA TPH
oMo BoAsiHoW 0ann bB-04. AHOABI OJIOBSIHHBIE U HUKEJIEBHIE MJIACTHHBI, B3STHIC
B cOOTHOIIeHUH 1:5. B KauecTBe MO 1JI0KKH UCITO0JIb30BaIu Meab Mapku MO.

[NonsspuzanioHHBIE 3aBICUMOCTH CHUMAJM C TIOMOIIbIO moTeHimocTara |PC-
Pro M npu ckopoctn pazBepTku mnoTeHIana | mB/c. B kadecTBe »iekTpoja
CPaBHEHMSI HCIIOJB30BAIM  XJIOPCEPEOPSHBIM, BCIOMOraTelbHBIM  BJIEKTPOJIOM
CIly’)KWiia IuiathHa. M3MmepeHuss OCymIeCTBISIM B CTaHAAPTHOM TPEXIIIEKTPOIHOMN
SYECHKE.

Mop@dooruto MOBEPXHOCTH TOJYyYEHHBIX OOpa3loB HW3ydadd METOJI0M
CKaHUPYIOIIeH AeKTpoHHOW MuUKpockomnu (COM) (mpubdop JEOL JSM-5610 LV).
DNEeMEHTHBI COCTaB TOKpPBITUH W mopomka 110, omlpeaemsum MeToIoM
HHEPTOUCTIEPCUOHHOTO PEHTreHoBckoTo MukpoaHamuia (EDX). da3o0Bblil cocTa
MOJIy4EHHBIX TOKPBITHH W Topomka 110, u3ydaamm MeToaoM KOH(POKaIbHOU
CIIEKTpOoCKoNMK KoMOuHaMoHHOro paccenBanus (KCKP).

Pesynomamot uccneoosanuii

VYcTaHOBIIEHO, YTO OCAXKEHUE PABHOMEPHBIX OJIECTAUIMX CephIX MOKPhITUH Ni
— Sn ¢ TUIOTHOYMAKOBaHHOW CTPYKTYpoll 0€3 JIEeHIPUTOB MPOUCXOAUT U3
anekrposmTa ¢ pH, paBupmm 3.0 £ 0.1, onTumanbHas WIOTHOCTH cocTtasisier 1.0
A-nm2. Ilpu moOBBINIEHWH TUTIOTHOCTH Toka Oonee 1.0 A-nM 2 B TIOKPBITHUSX
MOSIBJISIIOTCS. TPEIIMHBI M YEpPHBIE TMOJOChI HA TOBEPXHOCTHU. [Ipu ymeHbIlIeHUU
3HaueHuss pH no0 2.0-2.5 mNOKpHITHS MNPAKTUYECKU MEPECTAOT OCAXIAThCA,
UHTEHCU(DUITMPYETCS BBIJCICHUE BOJIOPOAa U POCT JICHIPUTOB HA TMOBEPXHOCTH
karoja. [loBeimenue 3Hauenune pH Beimie 3.0 HelenecooOpa3HO, TaK KaK BBOJUMBIM
JTUOKCHJ  TUTaHA  arjjioMepUpyeT U  CEIUMEHTUPYET.  DJIEKTPOOCAKICHUE

HHIUBUAYAJIbHBIX HOKpBITI/Iﬁ HUKCIIb U OJIOBO U3 JJICKTPOJIMTOB TOT'O KE COCTABA IIPHU
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MIOTHOCTH ToKa 1.0 A-mvM 2 He mo3BoJIsieT CQOPMHUPOBATH KAYECTBEHHOTO TIOKPBITHS.
HuxkeneBbie MOKPHITHS UMEIOT MEIKOKPUCTAUIMIECKYIO CTPYKTYPY, IPH ’TOM UMEIOT
YEpHBIM, HE XapakTEepPHbIM ISl JAHHOTO MeTauia, BeT. OJOBSHHBIE MOKPBITHS,
MOJIyYCHHbIE U3  (TOPUAHO-XJIOPUIHOTO  DJIEKTPOJUTA, UMEIOT HIrOJbUaTYIo
CTPYKTYpPY, PAacCTyT HHUTEBUIHBIC KPHUCTAUIbI, UTO XapaKTEPHO IS DJIEKTPOJIUTOB
HUKEJTMPOBAHUS B OTCYTCTBUU MOBEPXHOCTHO-AaKTUBHBIX BELIECTB.

Beenenue B anexkrpoaut TIO, NpUBOANUT K HE3HAYUTEIHHOMY (hOPMHPOBAHUIO
JEHJPUTOB Ha TIOBEPXHOCTU MOKPBITHS. B 1e10M MOIy4aroT CIJIONIHOE MOKPBITHE C

KpaCHUBbBIM BHCHIHMM BHAOM MW Ka4CCTBCHHBLIMHU IOCKOPATHUBHBLIMH CBOMCTBaAMH

(puc. 1).

50 pm 50 pm 50 pm

Puc. 1. Ontuueckue MukpodoTorpaduu MOBEPXHOCTH MOKPHITHH HAKEITh-0JI0BO,
MOJTy4EHHBIC U3 (PTOPHUIHO-XJIOPUIHOTO JICKTPOIMTa MPU KOHIeHTparmu 110, B
pactBope, T'am 3. a,2—0;60,0-1;6,e— 2

CmmaB Ni-Sn (puc. 2) ocaxmaercss HaunHas ¢ noTeHiuana (—0.22) B mpu
sHaueHuu pH 2 u Temneparype 50 °C npu 3ToM HaOJrOaeTCs aKTUBHOE BBIJICIICHUE
BOJIOpoJa. YBenuueHuu 3HaueHus pH 10 3 caBuraer nmoteHIan Hayana OCaxJIeHuUs
B 00macTh Ooiice 3aekTpooTpuiarenbubix 3HadeHui (—0.30) B. [Ipu anamorunaxHoM
3HaueHuu (pH=3) u mosbimennn Temnepatypsl 10 70 °C HabmomaeTcsi yMeHbIIEHNE

KaTOTHOM moJisipu3aruy U criaB Ni-Sn HaunHaeT ocaxaarhes npu (—0.25) B.
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Puc. 2. KarogHblie noisipu3aliMOHHbIE KPUBbIE MEAHOTO 3JIEKTPO/1a TPU HAHECEHUU
HOKpBITUS SN—Ni U3 GTOPHUIHO-XJIOPHUIHOTO IEKTPOJIUTA O€3 100aBKU U ¢ T00ABKOM
JTUOKCHJA TUTaHA

[IpencrtaBineHHbIe MOJIIPU3AIMOHHBIC 3aBUCHMOCTH  CBHIETEIILCTBYET O
BO3MOYHOCTH BapbUPOBAHUS CBOMCTB TOKPBITHS TIOCPEICTBOM HW3MEHEHUS
MOJSIPU3AIMOHHBIX XapaKTEPUCTUK pactBopa. Ilpu 100aBiIeHUM B DIIEKTPOJIUT
TUOKCHIa THTAaHAa DJJICKTPOOCAKICHUE TOKPBHITUS TPOWCXOAUT C MEHBIICH
NnoJsIpu3aliield, 4YT0 CBHIETEIILCTBYET 00 OOJerieHuu TMpOTEeKaHWs TpoIrecca
AIIEKTPOOCAXKICHUS B IPUCYTCTBUU BTOPOI (Pa3hbl.

CoctaB, Temneparypa 1 ypoBeHb pH 0Ka3bIBatOT BIUSHHUE HA BBIXOIBI TIO TOKY.
BBenenne nauokcwma TUTaHAa B JJIEKTPOJIMTHI MPUBOAUT K HE3HAYUTEIHHOMY
M3MEHEHMIO BhIxoza 1o Toky. [Ipu 70°C BrIxop 1o TOKy ciiaBa coctaBisieT 74.7 % u
ymenbiaercss g0 71.1 % mnpu BBemenmm TiO,, d9TO CBSI3aHO CO CMEIICHHUEM
MOJISIPU3AIMOHHON KPUBOU B 3JICKTPOOTPHUIATEIILHYIO 001aCTh U YBEITUICHUEM JOJIH
TOKa Ha MPOIIECC BBIICIICHUS BOJOPO/A.

CoriacHO MaHHBIM DJEMEHTHOTO aHAINW3a, YCTAHOBJICHO, YTO BBEICHHE B
AJEKTPOJIMTHI 2 T/mM3 NHOKCHAa THUTaHA TMPHUBOJAUT K €ro BHEAPCHUIO B COCTaB

nokpeITiil. B mokpsitun Sn—Ni conepsxanune Ti0, coctaBsier 0.7 ar. %.
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Crexktpsl KPC Sn—Ni-TiO; moKpbITHIA B XapaKTepHbIE YIACTKH HUCCIEAYEMO
MOBEPXHOCTH TOKA3aJIM CHEKTPAILHOE PACIIPEAEIICHUE, XapaKTEPHOE I JUOKCHIA
tutaHa [14]. CnekTpsl MOKpBITUS Sn—Ni, TTOJTyIEHHBIE U3 AJIEKTPOJUTOB C JOOABKOM
JTHUOKCHJIa TUTaHA, COAEPKAT OTAEIBHO CTOSIIYIO TOJIOCY C MakCUMyMoM Ipu 146
cM1[15], 4TO MOKHO CBSI3aTh C BKIIFOUCHUEM aHATa3a B IOKPHITHE.

BriBoBI

1. Onpenenensl yclOBUS MOJMYYEHUS KOMIO3UIIMOHHOTO MOKPBITHUSI OJIOBO—
HUKEITb—IUOKCHU/]I TUTaHA.

2. [Nokazano npuHIUNHATILHOE BIMsiHUE pH 31ekTpomTa Ha €r0 CTa0MILHOCTh
Y KauyeCcTBO.

3. U3ydensl mopdotorus u ¢pa3zoBblid COCTAB MOKPHITHS.

baarogapHocTsb
HccnenoBanus BBITIOJHEHBI TIPU NOAAEPKKE beTopyCcCKOro rocy1apcTBEHHOTO

TCXHOJIOTHUYCCKOI'O YHUBCPCUTCTA.
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THE ECONOMIC DATA OF ELECTROCHEMICAL COATING
BY CHROMIUM IN STANDARD ELECTROLYTES AND THE
ELECTROLYTES WITH CHROMIUM (1)

0. O. Tkachenko, O. P. Kwasha, B. A. Morozov
Kiev National University of Technologies and Design, Kyiv, str. Nemirovich-
Danchenko, 2, 01011

The work describes the economic component of a rather expensive technological
process of chromium plating. The experience of industrial use of a standard
chromium plating electrolyte is generalized and some reasons for the appearance of
defects in chromium plating are considered. The volume unit of the electrolyte with
hexavalent chromium and the electrolyte with the use of trivalent chromium has been
calculated. The conclusion about the higher cost of the electrolyte with trivalent
chromium in comparison with the standard one is based on specific figures.
Keywords: chrome, electrolytes, chromium plating.

EKOHOMIYHI MOKA3ZHUKHU EJEKTPOXIMIYHOI'O
XPOMYBAHHS B CTAHAAPTHUX EJIEKTPOJIITAX TA
EJIEKTPOJIITAX, IO MICTATDb XPOM (l1I)

O.B. Tkauenko, O.I1. KBama, b.A.Mopo3oB
Kuiscokuu Hayionanonuu Yuisepcumem Texnonoeciu ma /{uzauny,

Kuis, eyn. Hemuposuua-/lanuenxa, 2, 01011

Meta: [latu XapakTepUCTUKY TMPOILECIB XPOMYBaHHS 3 PIBHUX EJIEKTPOJITIB.
Hapectu mpukiaan caMux 3py4HHX TEXHOJIOTTYHHX MpolieciB. Po3paxyBartu BapTiCTh
CTaHJIaPTHOT'O EJIEKTPOJIITa Ta eJeKTPOoJiTa TpPUBAIEHTHOTO XpoMmy. Hasectu
TEXHOJIOTIYHI MPUHOMH, IO JO3BOJIATH 3aNpPONOHYBAaTH TEXHOJIOTTMHHUNA MPOIIEC
0€3BIAXIIHOT HelTpami3alil “XBOCTIB” IPOMHUCIOBOTO XPOMYBAHHS.

Metoauka: BuxopuctaHHs NPOMHCIOBUX €JIEKTPOJI3EpiB AJIi BU3HAYCHHSA
napamMeTpiB  elekTposdy. Po3paxyHkum  BapTOCTI  KOMIIOHEHTIB  PO3YHUHIB
CTaH/JapTHOT'O XPOMYBAHHSI Ta €JIEKTPOJITH TPUBAJIIEHTHOTO XPOMY.

Pe3ynbTaTi: Hanatu rojoBHi mepeBaru Ta HeOJIIKA TIPOIIECIB XPOMYBaHHS 3 PI3HUX
eJIEKTPOJITIB 1 3pOOUTH BUCHOBOK MO E€KOHOMIYHIA €(EeKTUBHOCTI CTaHIapTHOTO
TEXIPOLECY Ta TEXMPOLECY 3 BUKOPUCTAHHSAM TpPUBAIEHTHOro Xxpomy. HaBeneHo
OTIMC TEXHOJIOTTYHUX MPUHOMIB MO yTUJI3ali “XBOCTIB” rajJbBaHOBUPOOHUIITBA.
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HaykoBo HoBu3Ha: Hagani eKOHOMIUHI MOKa3HUKHA BUKOPHCTAHHS TEXHOJOTIH
CTaHJAPTHOTO XPOMYBAHHS Ta TEXHOJIOTIA XPOMYBaHHS B €JIEKTPOJIITAX, IO MICTAThH
TPUBAJICHTHUM XPOM.

IIpakTnyna 3HaumMmicTh. HaBemeni mpaBuia eKCIDIyaTallii — €IEKTPOJIITIB
xpoMyBaHHs. [lopiBHsUIbHI ~ XapaKTEpPUCTHUKUM BapTOCTI  EJEKTPOJITIB  J1al0Th
MOXJIMBICTh ONTUMI3YBaTH €KOHOMIYHY CKJIQJOBY Ipolecy XpoMmyBaHHs. HaBenena
npuOIM3HA CXeMa BTOPUHHOTO BUKOPUCTAHHS BIIX0aiB rinpokcumy xpomy (111).
Kio4oBi cjoBa: XpoMyBaHHS, aHOJU, TPUBAJIEHTHUN EIEKTPOJIT XPOMYBaHHS,
HEeUTpan3aiisi XpOMOBHUX CTOKIB.

EdexktnBHa poboTa OYIb-IKHWX EIEKTPOJITIB XPOMYBAaHHS € JOCTaTHHO
CKJIQIHOIO 3 TIPUYHH JTY>KE BEIUKOT KUTbKOCTI IE(PEKTIB MOKPHUTTS, IO MOXKYTH JaTH
JOCTaTHHO BHCOKHH BIICOTOK Opaky. Ilo mexopatuBHOMY XpoMyBaHHIO OpakoBaHi
BUPOOM MOXYTh MaTh HEOJIMCKydy MaTOBY IOBEPXHIO, HENPOKPHUTTI, Oypi Ta
KOPHUYHEBI TUISIMH Ha 0OCaJax XpoMy, a TaKOK OJaKWUTHHWHA BIATIHOK xpomy. [lo
MaTOBOMY Ta MOJIOYHOMY XpOMY ne(eKkTHI BUpOoOM Mar0Th HEMPOKPUTTS Ta PI3HY
TOBIIMHY MIApiB XpOMY Ha ITOBEPXHI.

3rigHO 10 HAOYyTOr0 TPAKTHYHOTO JIOCBINY, HENPOKPUTTS XPOMOM
BiIOYBA€THCS 3 MPUYMH NMOPYUIEHHS CIIBBITHOIICHHS KOHIICHTpPALII XpOMAaHTIApUIY
(V1) Ta cynbdarHoi kucnotu. Lle cniBBimHOMIEHHs oBHHHO ckiamary 100:1. (Xoga
HAa TIPAaKTHIN CKIQJAIOThCA CHTYallil, IO EJIeKTPOJIT YyAOBO TMPAIIOE€ TIPH
cmiBBimHOMmeHHI 50:1, ado 160:1).

Hanmumok cynbdarHoi KHUCIOTH B BUPOOHUIITBI YCYBalOTh JO/JaBaHHSIM B
EJIEKTPOJIT COJl XJIOpuAy Oapito. MaTtoBa a0 MOJIOUHA MOBEPXHS P OJMCKYydOMY
XpOMYBaHH1 YTBOPIOETHCS 3 MPUIMH a00 HU3BKOI TEMIIEpAaTypH MPU MaIHUX TYCTHHAX
CTpyMy, a00 B IPOIIECI XPO-MyBaHHS 3MIHIOETHCSI KOHIEHTpAIIsl MPOMBKHUX CIIOJTYK
TpUBaIEHTHOTO XxpoMmy [1]. Po3poOka HOBHX €JEKTPOJITIB XpOMYyBaHHS — CIIpaBa
JNEKUIbKOX POKIB, TOMY B IIPOMHUCJIOBUX YMOBaxX KOPHUCTYIOTHCS NEpEBIPEHUMU
COCTaBaMH, CKJIAJl SIKUX HaBeIeHO B [2].

3TigHO PEKOMEHJAUSIM YHIBEPCAIbHUM EJIEKTPOJITOM K OJIMCKY4OTo
3aXMCHO-JEKOPATUBHOTO XpPOMYBaHHSI, TaK 1 3HOCOCTIHKOTO TBEPJOTO XPOMYBAHHS €
enekrpout ckiany Ned. [2, kapta 38] (Tadm.1.).
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Taoauus 1. Cxinan yHIBEpCATBHOTO €IEKTPOJITY XpPOMYBaHHS

No HaiimenyBanus Ximiyaa | Konmentpanis | Temmepa | ['yctuna HIBuakicTh
KOMITOHEHTIB dopmyma /n Typa CTpyMY, OCaKCHHS,
oC A/mm? MKM/XB
1. AnTiIpua CrO; 270-350
xpomoBuii (VI)
TEXHITHUH
2. Jomimka JIXTI- 8-10
xpoMm-11 40-60 5-80 0,1-0,8
abo | Hdomimka JIXTI- 8-10
2a 10
abo | Jowmimka JIXTI- 8-10
20 11

Enextpomnir (tabmn.1) B miani ekciutyatarti Mmae Heqomikn. KoHIeHTparis gyxe
orpyitnoro xpom anrinpuaa (V1) ckmagae 270-350 r/n. Ilg pedoBuHa, sIK i pTYTh
BITHOCHTBCS A0 1-0ro Kiacy HeOesmeku. YnM OuThIlia KOHIIEHTpAIisA i1 B PO3YHHI -
TAM OUlbIle TapiB IIKIMBUX PEYOBHMH B arMmocdepi, 1 THUM CKIIAIHIIIC
HEHTpa3yBaTH XPOMOBI CTOKH.

Homimku Ty “AXTI” saBmaioTe co0or com cyibdaTy CTPOHIO 3
J0JIaBaHHSIM TIEBHOI KUTLKOCTI IHIIMX I0HIB (MOJKIIMBO, KAJBIIFO Ta HaTpiro0). TouHui
CKJIaJ] TOMIIIOK - BJACHICTh BUPOOHMKA, 1 BIH HE PO3TOJIONIYETHCS.

3 Hamoi TOYKH 30py €JNEeKTPOT ckiaaxy S5 [2, kapTa 36] € Outbmn

TEXHOJIOTTYHUM, HE 3BaXKAOYH Ha OUThIITY poOouy Temmeparypy [Tadi.2].

Taoauus 2. Cxiag yHIBEpCATHHOTO €IEKTPOJIITY XpOMYBaHHS (PO3BEIEHOTO)

No | HaiimenyBanus | XiMiHa Konnentpanis | Temmeparypa | ['yctuna [IBUAKICTH
KOMIIOHEHTIB dopmyna /n oC CTpyMY, OCaKEHHS,
A/mm? MKM/XB
1. | Amxrinpun Cr0, 125-250 Pexxum 1 0,3-0,7
XpOMOBHH 45-60 45-60
TEXHIYHUI
2. Kucmora H. SO, 1,2-2,5 Pexnm-2 0,1-0,2
ciprana 68-72 15-35
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Enextponir (Tabn.2) mMae mepeBarum mepen momnepemaHiM (tadm.l). Jliama3zon
pO30iry KOHIICHTpAIiK TyT 3HAYHO OUIBIIHIA 1 11¢ € TTO3UTUBHAM MOMEHTOM, (TOOTO
KOperyBaHb Oyle 3HA4HO MEHIE, a CTOKH IIPOMHUBHHUX BOJ TyT OyAyTh HE Taki
KOHIICHTPOBaHi).

Enextpomir nparoe B TBOX peKUMax — OJTMCKYyIOMY 1 MAaTOBOMY.

B peampHEX ymoBax BHOIp THIY €IEKTpOJiTy (i, BIATOBITHO TEXHOJIOTI)
3AIACHIOETHCS 3a KpUTepieM “kpue 1oope” abo “kpwue moraHo”.

B nesxux Bumaakax ocaau Xpomy Tpeda OTpuMaTH YOPHOTO KOJhOPY (Tene-
dboToTEXHIKA, BIMCHKOBI TeXHOJOT). OCOOIMBOCTI IPOIIECIB YOPHOTO XPOMYBAHHS
HajaHi B [3].

3 kiHng 70-X POKIB MHUHYJIOTO CTOJITTSA MOYAIMCS PO3POOKM B Tay3i
CTBOPEHHS €JIEKTPOJITIB, O HE MICTATH XpomoBuii aurinpuf (VI). Pobotu B ibomy
HaMpsIMKY BEAYThCS BXKe Oarato pokiB. I3 KilacHIHUX pOOIT 1O XPOMYBaHHIO BITOMO
[4], mo 3 XpomaTHHUX PO3YMHIB, IOH-XpOMAaT CIOYATKy BIIHOBIIIOETHCS O
TPUBAJICHTHOTO i0HA (JIMB. PUCYHOK), a JIMIIIE MTOTIM J0 METaITy.

PoGot B Tramy3i CTBOpPEHHS SKICHUX TEXHOJIOTTUHUX  EJIEKTPOJIITIB
XpOMYBaHHSI 13 PO3YHMHIB TPUBAICHTHOTO XpOMy Oyl 3aBXIH aKTyaJbHUMHU.
['0TOBHOIO METOIO TaKWX pO3pOo0OK € OakaHHS TepelTH Bim | Kiacy HeOe3meKH
(okcun xpomy (VI) 10 MEHII MIKIMBUX XPOMOBHX CHOJyK 2 Kimacy. IcHye

nupekTuBa €BpPOCOIO3y, 0 BUMarae OOMEKEHHS BUKOPUCTAHHS KaHIIEPOTECHHHUX

cnostyk xpomy (VI).

I,-ﬁ.h

15F

10T

0,5 -1,0

Pucynok. Kartomna kpuBa noJisipu3aiiii XxpOMOBOTO €JIEKTPOJIITY.
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Octanni pobotu 3 enexkrpomiramu  xpomy (IIl)  agemoHCTpyIOTH, 110
Mo ]Ikl eTeKTPOJITIB CIIOJyKaMHu ITUPKOHIA, a TaKOX MOJIIOAEHOM 1 BaHAIEM
CIIPUAIOTH PIBKOMY 3POCTAaHHIO BUXOAY XpOMY 3a CTPyMOM, (MPUOIM3HO B 2,5 pasu
(mo 38-39%).

[IBUAKICT, OCAIKEHHS XpOMY B CTaHIApPTHHUX EJIEKTPOJITaX TOCUTh Malia
(Taba.1) Ta (Tab1.2), a B po3YMHAX TPUBAJICHTHOTO XPOMY MOXKE JIOCSTAaTH 3HAYCHb
1,6 MKM/XB.

He 3Bakaroum Ha BeNMMKY KUIBKICTH POOIT MO ONTHMBAIl CKIATy
MAJIOTOKCHYHOI'O €JIEKTpOoJIita XpomyBaHHs [5,6,7], TEXHOJOrIYHO NPUHHITHM €

JIMIIE OMH CIICKTPOJIT, IKUil HaBeaeHo B [2], ckman 5: (Tadm. 3.)

Taoauus 3. Enextposit 6;1MCKyd0ro XpoMyBaHHS 3 TPUBAICHTHUM XPOMOM

Ne | HaiimenyBanns | Konuenrpauust | Temneparypa | ['yctuna HIBuAKICTH
/T | KOMIIOHEHTIB W) oC CTpyMy, OCaJ)KEHHS,
A/nm? MKM/XB
1. [anyn 200-300
XPOMOKAJTIEBHIA 0,1-0,2
2. | Kucnora 6opHa 40-50
15-30 5-20 Anoamn
3. Kucnora 35-45 HEPO34YHHHI
MypaIimHa Ha OCHOBI
4. Cynbdar 200-300 TUTaHY.
aMOHIIO
5. | Homimka «JIXTI 2,5-7.5
TPUXPOM»

Jly*xe npruBaOJIMBUM € apaMeTp TeMrepaTypHu, OCKUIbKU TaKUM €IEKTPOJIT He
noTpedye CUCTEMH MIATPUMKHU TeMIepaTypH, 3MIMOBHKIB 1 T.II.

Po3paxynku BapTOCTi 0auHUII 00’ €My 0a30BOTO CTaHIAPTHOTO ENEKTPOJIiTa
(Tabm.2). garoTh pe3ynbTaTtd (PO3paxyHOK HaBeleHUM mo IiHam xoBTHs 2020p.).
BapTicte TexniaHoro oxcuay xpoma (V1) mu npuitmaemo stk 100rpu/kr, Tomy, 110 115
I[lHa € MOUIMPEHOI0 Ta ycepeaHeHow. Cipuana kuciorta 3 42% B nepepaxyHKy Ha

100% xomrrye Bin 40 rpu/kr 1o 128 rpH/Kr i OUIbIIE.
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B mimomy xyboMeTp eaeKTpoJTy XpoMyBaHHsS 3 XpoMoBuM anrigpuaom (VI)
korrye npubam3uo 25000 rpH, , a6o 3a kypcom HBY (28,33 rpu/moin.), 882,5 nox. 3a
KyOoMeTp.

AHaANOTTYHI pO3paxXyHKH EJIEKTPOJITY XpPOMYBaHHS 3 3- BaJCHTHUM XPOMOM
JIal0Th BapTICTh KyOomerpa enekrpoJira mpubdimszHo 32000rpH, abo 3a kypcom HBY
1130 mom. 3a KyOOMETp E€IEKTPOJIITY.

[lopiBHSHHS €KOHOMIYHOI BapTOCTI TOJIOBHOI CKJIAOBOI TaJlbBAHOIPOIIECY —
CNIEKTPOJIITa Ja€ TepeBary Ha TMepIMid TOTJsa] CTaHIapTHOMY EIEKTPOJITY
XpoMyBaHHs 3 okcugoM xpomy (V).

Axkmo momary, mo Bagud poOOTH TaKOTO PO3YMHY JABHO BIMOMI 1 aHOIH, IO
BUKOPHUCTOBYE TaKUH €1eKTpoJIiT cBUHIIEBI (PD-SN)i1 BOHM BUTOTOBISAIOTHCS MPSIMO B
1[eXy, TO TIepeBaru CTalTh IIe OUTHIINMHU.

B enexrpouiri tpuBaneaTHoro xpomy (lll) BukopuctoByrots anoqu T/IMA
a60 OPTA Ha OCHOBI TUTaHy, SIKHI 3HAYHO € JOPOKYHUM 33 CBUHEIIb.

BapTicte onnoro anogy TJMA ckmamae 1000rpH., a BapTicTh anoxy OPTA
nopiBuioe 1600rpu/AM* ; BapTICTh CBUHIIIO, AKMA BUKOPUCTOBYIOTH B IKOCTI aHOIIB
B Ki1lacnyHoMy xpomyBanHi (VI), cknanae 45rpH/kr.

[lonepenHiii MIICYMKOBUH BUCHOBOK — KIAQCUYHUI XpOM 13 XPOMAaTHHX
EJIEKTPOJIITIB Ta CYKYITHI MaTepiajii B €KCIUTyaTallii MOKH IIe JCIIEBIl Yy MOPIBHAHHI
3 TEXMPOIECAMH 3 BUKOPUCTAHHAM TPUBAIEHTHOT'O XPOMY.

Ane 1ie 6e3 po3paxyHKIB BUTpaT Ha HeUTpanizaiito. Croayku TPUBAJICHTHOTO
XpOMY HEUTPAI3YIOTh TIAPOKCHUIaMU 13 BUKOPUCTAHHIM Ipec-PUIbTPIB OTPUMYIOTh
ocanu rigpokcuny xpomy (IID).

Sk 3acTocyBaTy CHelialibHI TEXHOJOTT TO MOYXHA PO3KIIACTH 10 CIIOJIYKY
3a CXEMOIO: 2 Cr(OH); — Cr,03 + 3H,0O

Oxcun  xpomy (Ill) MoHa BHKOPUCTOBYBAaTH [UIS  BUPOOHUIITBA

MOJTIPyBAIbHUX TACT.
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ECONOMIC FACTORS FOR CONSIDERING OF
COMPOSITION OF ALKALINE AND ACID ELECTROLYTES OF
ZINC PLATING

Tkachenko A., Yarmolenko S.
Kiev National University of Technologies and Design, Kyiv, str. Nemirovich-
Danchenko, 2, 01011

The article describes galvanic galvanizing, explains the reasons for using two types of
electrolytes, and calculates the unit price of electrolytes. The costs of alkaline and
weakly acid galvanizing electrolytes have been calculated. The reduction of the cost
of chemicals for alkaline and weakly acidic solutions to the unit of volume of the
electrolyte makes it possible to choose the most successful variant of the electrolyte
for galvanizing products from hardened and mild steels. The composition of the
electrolyte of electrochemical etching was developed, and the reduced cost of
electrolytes was found. The composition of the electrolyte of electrochemical etching
was developed and the reduced cost of electrolytes was found. The analysis of
economic indicators of units of volumes of electrolytes gives the chance to choose for
operation electrolytes of galvanizing with low indicators of cost and to use domestic
shining-forming compositions.

Keywords: zinc, cyanide solutions, electrolytes, anodic etching.

EKOHOMIYHI ®AKTOPU I1PU OGPAHHI BAPIAHTIB
EJIEKTPOJIITIB JIYKHOI'O TA KUCJIOT'O IMHKYBAHHSA

Tkauenxo O. B., SApmonenxo C. 1O.
Kuiscokuul hayionanvnutl yHisepcumem mexHonoeii ma Ou3aumy

Kuis, eyn. Hemupoeuua-/lanuenka, 2, 01011

OcTaHHIM YacoM KUIBKICTh TaJbBaHIMHUX TMPOIIECIB - HIKCIIOBAHHI,
OJIOB’SIHyBaHHS, MIIHEHHS TMOCTIMHO CKOpPOYYETbCS 3 MPUUYUH HEYXUIbHOTO
30UThIICHHST BapTOCTI BOJAM (B TalbBAaHOTEXHIl BOJia BUKOPUCTOBYETHCS a0O0
JTUCTUIbOBaHA, ad0 BOJOMPOBIIHA), 30UIBIIEHHS BapTOCTI KOJbOPOBUX METANIB Ta
PO3BUTKY HIIMX TEXHOJIOTIH (TepMOAN(PY31IMHOTO HAHECEHHS! TOKPUTTSI, IJIa3MOBHUX

TEXHOJIOTIA TOIIO), ajie¢ rajlbBAaHOTEXHIYHI TEXHOJIOTIi ITMHKYBaHHS HE TUIbKUA HE
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3HIKYIOTh 00’ €MH BUKOPUCTAHHS , ajie ¥ 30UIBIIYIOTh 1X.

Takwit mo3uTuBHUHN (HAKT MOB'SI3aHUKA 3 HACTYITHUMH (aKTOPaMHU:

- OMMCKYyYHUH €JICKTPOJITHYHNKN ITUHK Ja€ MOKIIMBICTh OCAKCHHS IIbOTO
MeTalry Oyab-sSKHX TOBIIMH (TI0 cTaHmapTy Bif 3 10 18 mxm) [1];

- CIIeiaIbHI 3aX0IH JTAF0Th MOKJIMBICTh OTPUMATH KaTOHI BITKJIaICHHS
IIMHKY Taki, [0 HaBiTh B TOHKUX Imapax (6-12Mkm) HaIiifHO 3aXWINAIOTh CTalb Bl
KOPO31iHOT0 BIUIMBY 32 MEXaHI3MOM aHOJIHOT'O 3aXHUCTY.

1. MeTtoauka eKCliepUMEHTY

Birun3HsiHa NOpPOMMCIOBICTh, HAaBITh TICJA PI3KOrO MAAIHHSI, MOTpedye
BUKOPHUCTAHHS TabBaHIYHUX TEXHOJIOTIA IMHKYBAHHS, B SIKUX 3aCTOCOBYIOTH Pi3HI
enektpoJitu [2]. OkpiM TOro, MPOMHUCIOBO PO3BUHEHI KpaiHM HAIOJATAIOTh Ha
BUKOPHUCTaHHI CBOIX (IMIOPTHHX g YKpaiHM) OJIMCKOYTBOPIOBaYiB. 3TITHOTO 0
BEJIMKOTO MPaKTUYHOTO JOCBILY OJHOTO 3 aBTOPIB, BITYM3HSHI OJMCKOYTBOPIOIOYI
KOMIIO3HLIi HIYMM HE Tiplie IMIOPTHHUX, a BAPTICTh 1X 3HAYHO HUXKYA.

3aBgaHHsAM Hamoi poOOTH OylI0 BHU3HAYEHHS BapiaHTIB CTaHAAPTHUX
eJICKTPOJIITIB, 10 MOKYTh JaTH ONTUMAILHUIN IO BUTPATaM Pe3yJIbTar.

2. Pe3yabTaTH eKCIIEPUMEHTY Ta iX 00r0OBOpPEHHS

AHai3 BUKOPUCTaHHSI OyIb-SIKHX €JIEKTPOJITIB B peabHOMY BUPOOHMIITBI
JAI0Th MOXJIMBICTH 3pOOUTH BHUCHOBOK, IO AKICHUM 3py4yHUN €IEKTPOJIT (TOOTO,
«TEXHOJIOTTYHUIY) 11€ TaKUH, 10 MA€ BETMKUN PO30Ir KOHIIEHTPAIlii KOMIIOHEHTIB, a
TaKOX, 1110 EKCILTYaTyEThCs TPUBAIHM yac 0€3 TEXHOJIOTTYHUX 00pOOOK pO3UHUHY.

B mpakTuiii eneKTpoiTHYHOTO IUHKYBAaHHS B OCHOBHOMY BUKOPHUCTOBYIOTH
JIBa THITHA E€JICKTPOJIITIB: JYXHI Ta CJTA0OKO-KHCII.

JIy’kHI €IEeKTPOJITH, SK MPABUIIO, MICTATHh JBa HCOPTAHIIHUX KOMIIOHCHTH —
TIIPOKCHJT HATPItO Ta OKCHJI UMHKY. KOMIUIEKCHI HiaHHI €1eKTPOJITH IMHKYBAHHSI
TEXK BITHOCITHCA OO Jy)KHUX. PoOGoTa 3 HuUMH Oyna IyXe 3pydHOIO — BOHHU
NpaLoBaIM TPUBAIMH Yac 0e3 10JaTKOBUX 3aX0/lIB IO KOPETYBAaHHIO.

Ayle BaaM 3aCTOCYBAaHHS IIIAHIIIB 3arajlbHOBIIOMI — II€ OTPYWHICTh, IyXKe
BHUCOKa BapTICTh 1 3aCTOCYBAHHS CTPATEriyHOI CUPOBHUHU — TIIOXJIOPUTY HATPIIO —

JUIs 3HELIKO>KEHHS IPOMMCIIOBUX CTOKIB.
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JIy)kHe IMHKYBAaHHS 3aCTOCOBYETBHCS I IOKPHTTS BHPOOIB 3 TaKk 3BaHOI
«M’SKO1» CcTaim, 1 TyT TMOKPHUTTS IUHKY € JOCTaTHHO OE3MpoOJeMHUM 1 MOTpeOye
JIMIIIe OJTHIET BaHHU TpaBJeHHS B XjopuaHiid kuciaoTi (100-200r/m).

Cnabko-Kucie ITMHKYBaHHS BUKOPHCTOBYIOTH ISl TIOKPUTTS BHPOOIB, IIIO
BUTOTOBJICHI 31 CIEIIaTbHUX COPTIB cTam (Hampukiaa, Y8), Mo MiIIaroThCs
rapTyBaHHi0. Lleli mporec mae Ha MeTi 3adIKCyBaTH TaKy KPHUCTAICBY CTPYKTYPY

CTaJIi, 10 HAOJIMKAETHCS IO ayCTEHITHOTO CTaHy (pHc. 1, MUTYeThCs o poOoTi [3]).
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Puc. 1. /liarpama cTaHy 3a1i30BYTJCIeBUX CIUIaBiB: P — pinkwuii criaB; A —
ayctenir; I1 — nepuir; ® — depur; L] — nementut; JI - nenedbypur
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Hiarpama ctany Fe-C sBnse co6010 CKIaaHy TEPMOXIMIYHY CHCTEMY, B SKHUX
CIUIaB 3aJaHUX €JIEMEHTIB (DIKCYEThCS B PB3HUX (hazax: MepJIiT, MapTCHCHUT, ayCTEHIT
Ta .

HaitGimpm SKICHOIO € MeTaleBa CTPYKTypa, 1m0 (OPMYETHCS MPU BHUCOKUX
TeMIiepaTypax (CTaH y) — ayCTEHIT. AyCTEHIT, 3TiIHO O HayKOBUX BU3HAYEHb, - IIC
TBEPJIMHA PO3YHH BYTJICIIO B «TaMMay 3alli31.

3adikcyBaTd Takuii CTaH, MOXKHA JIMIIE TPU IIBHAKOMY OXOJIOKEHI
posirpitux no Bucokmx temmeparyp (800-1400 °C) cranei, siki MICTITh 10 2 %
BYTJICIIIO.

Bucoxki TemmnepaTypu 1 MIBUJKE OXOJIOKEHHS (POPMYIOTh Ha MMOBEPXHI JAeTal
Ta BUpOOIB 13 CTajl OKCHJIHI, KapOOHATHI Ta iHINI TUTBKH. Taki IUIBKU B JIyKHHX
eNIEKTPOJIITaX UHKYBAHHS, HABITh MPU TpUBAIii 0OpoOIll B BaHHAX TpPaBJICHHS, HE
3HUKAIOTh 1 3aBaKalOTh SKICHOMY HAHECEHHI IWHKY. B Takmx Bumagkax tpeba
3aCTOCOBYBATH CJIA0KO-KUCI €JEKTPOJITH, B SIKAX TaKi IUTBKH, 3TITHO HAIIMX
TOCIIKEHb, PO3UHHSIOTHCS.

OctaHH1 BapiaHTH MDKIEP>KaBHOTO CTaHIApTy MO TajdbBaHoIpouecam [2] —
«ITokpuTTs MeTaneBl Ta HEMETAJIEB» 3HAYHO 3MEHIIWIM KUIBKICTh CTaHAApTHUX
EJIEKTPOJITIB JIy)KHOTO THUIY, 1 B TOM K€ 4ac JAalOTh BEJIMKY KUIbKICTh JIy’KHUX
CJIEKTPOJITIB IIAHICTHX.

Ha apyromy MicTi 0 KOCTI pOOOTH MICHs I[IaHITHUX 3HAXOAUTHCS 3pYUHUM,
TEXHOJIOTTYHHUHN eJICKTPOJIT uHKYBaHHA Nel3 (tadm. 1) [2].

Taoauus 1.Cxnan enekTpoTy JIy>)KHOT0 OJIMCKYYOTO IIUHKYBaHHS 3
OymckoyTBOproBauamu «Jlimena»

No| HaiimenyBaHHs dopmyia Po6oua I'yctuna| PobGoua Tun
KOMITOHEHTIB KOHILIEHTpAIllsl | CTPYMY |Temreparypa| aHoJliB
A/nm?
1 | T'inmpoxcua HaTpis NaOH 90-120
2 Okcua HUHKY Zn0O 9-12 (mo17) [k
3 |bimckoyTBoproBau - 4-6 1-4 15-30 TUITY
«Jlimema HBI] — O» 1I1-0, I1-1
4 |bnuckoyTBOproBau - 4-6
«JIimema HBI] — K»
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BinxuneHHs KOHIIEHTpaIii OCHOBHUX KOMIIOHCHTIB OCHOBHHX KOMIIOHEHTIB
ckiagae 1/4. el mokazHUK JJ1s1 €IeKTpoTy (Tab. 1) TipIwmii , HDK IS IIaHICTOTO.

Bracminok po3puBy €KOHOMIYHHMX 3B’SA3KIB 3aMicTh 2 JOMIMOK «JliMema»
YCHIIIHO BUKOPUCTOBYBaM AoMimky JIB-4584 [4].

[li3Hime 3’ sBrics OJMCKOYTBOPIOBadi THITY « EKOJI-ITMHK», eeKT Bi SKHX B
JTYKHUX €IIeKTpoJiitax OyB 3ad0BUIbHHI. B enekTpoHHIN Mepexi HaM HE BAAIOCH
3HANTH TOCTAYaIbHUKIB OJIMCKOYTBOPIOBAYIB B JIy>KHI €JICKTPOJIITH, OKPIM JTOMIIIKH
« AXTI-150» minoro Ha xoBTeHb 2020 p. 28-30 rpu/kr [5].

BapTicTe HEOpraHiYHUX KOMIIOHEHTIB B JY)KHOMY IMHKYBAaHHIO CKJIQJa€ TIO
rimpokcuay Bin 25 rpu/kr 10 30 rpa/Kr. OKCUA MUHKY MPOJAETHCS 3a I[IHAMU Bil
58.5 rpu/kr. Ilpm kypci HBY 28.21 rpu/mon. Ha xoBTeHb 2020p. 1€ cKiaae nudpy
58 momapiB 3a kybomerp enektposry. Taka mpuOiIM3HA BapTICTh OJUHUIN BUMIPY
JTy>KHOTO €IEKTPOJITY JJIs LIMHKYBAHHS BUPOOIB 3 «M’AKO1 CTaID».

Jlnst  peraneit rapToBaHuUX 1 IS BUPOOIB, IO BUTPUMYIOTh CHJIbHE
HaBaHTKEHHS (OONTH, WILIIHTH, Ta4dyKW), JTYXHI €IeKTPOJITH, SK MPaBWIO, HE
BUKOPHUCTOBYIOTb.

3 11i€}0 METOI0 OOMPAIOTh CJIAOKO-KUCII ENEKTPOJITH TaKi, SIK eNEKTPOoJIT N7,
JI€¢ BUKOPHUCTOBYIOTh KOMIUIEKCOYTBOPIOIOY1 KOMIO3HUIII HA 0a3l XJIOPUAY AMOHIIO.
CaMi KOMIUIEKC1 €1eKTPOJIITH Ial0Th APIOHOKPUCTANIUHI TMaKi ocanu [6]. bruckyui
SIKICHI OCaIN YTBOPIOIOTHCS JIMIIIE IPU 3aCTOCYBAaHHI OJMCKOYTBOPIOBAYIB (Ta01.2)

BapticTh HeOpraHiyHUX KOMIIOHEHTIB B  CJIA0KO-KUCIMX  EJIEeKTPOJITax
ckiagae: mo cynbdary 1muHKy - Bin 30rpu/kr g0 80rpH/Kr (0epeMo B cepenHbOMY
40rpu/kr), XI0puay aMmoHit0 - Big 12.6 rpu/kr 1o 40 rpH/kr (0epemMo B cepeHbOMY
20rpu/Kr), 0 60PHIM KUCIOTI - BiA 24 rpH/KT 10 40rpH/Kr (6epemo 25rpH/KT).

Sxmo po3paxyBaTd BapTICTh OJHOTO KyOy eNeKTpOJiTy, TO BUXOJHUTH
11425rpH.

KO MPOBECTU PO3PaXyHKH, AK L€ 3pOOJIEHO BHILE, MOXHA 3HAUTU LIHY
oauHUIll BUMIpY enektposry B noyapax CIIIA. Bona ckinamae 390 noi. 3a kybomerp
CIIEKTPOJIITA.
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Taoauus 2. Cxiag XJOpaMOHIHHOTO €JIEKTPOJITY OJIMCKYy4Oro UHKYBAHHS 3
nomimkamu tany «JIXTD» [2]

No HalimenyBanHs dopmyra Po6oua I'yctuna Po6oua [IBuAKICTH
XIMIKATIB KOHLIEHTpALll | CTpyMy | Temmeparypa| OCaKJICHHS
1 unk ZnSO4* TH20 80-10
CIpYaHOKUCIIAN
7-BOOHUMN
2 |AMOHIl XJIOpHUCTHIA NHA4CI 180-200
copt 1 0,5-3,0 15-35 0,12-0,75
3 | Kucnora 6opHa H3BO3 20-25
bmickoyTBotoroua 80-100
4 JTOMIIIIKA -
«AXTI - 102A%»
5 [bimckoyTBOpIOIOUA
JTOMILIIKA - 3-5
«AXTI - 102 b»

3.

BHCHOBOK

[lopiBHsUIbHMIA aHAMI3 XapaKTEPUCTHUK EIEKTPOJITIB HA/a€ TIepeBary Jy>KHOMY

PO3YHHY HE TUILKH 3a MPOCTOTOIO eKcIutyarallii ( 2-X KOMIIOHEHTHUM €JIEKTPOJIITOM

3HAYHO 3PYyYHIIIe KOPUCTYBATHCS), ajl€ 13a BapTICTIO.

JIy>)xHHI eTIeKTPOIT MPHUOIN3HO B 6 pa3iB JCMICBIINI 32 CIT1a0KO-KUCITHH.

[IpobnemMa macWBHHMX IUIIBOK Ha TapTOBAaHMX BHUPOOAX MOJXKE JIETKO OyTH

BUpIILIEHA 3aCTOCYBAHHAM MPOLIECY aHOTHOT'O TPABJICHHS B BAHHI HACTYIIHOT'O CKJIay

(Tabm.3).

Tadauusa 3. Cxian eneKTpoiTy eIeKTPOXIMIYHOTO aHOJHOTO TPaBJICHHS

No HaiimenyBanHs dopmyia PoGoua I'yctuna Temneparypa
XIMIKaTIB KOHIIGHTpAIllsl | CTpyMy C
WA Alnm3
1| Kucnora xnopunna HCI 50-70
2 | Kucnora cyneparna | H2SO4 100-150 1,5-3,0 15-35
3 | IIpemapar «kararmin» - 3-5
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TexHooTIS MMHKYBAaHHS TapTOBAHUX BUPOOIB B JYKHUX €JICKTPOJITax Oysa
YCHIIIHO peanidoBana B 1exy 23 kuiBchkoro JII1 3aBona «I'enepatopy.
Jlitepatypa

[1] Eamnas cuctema 3ammTel OT KOPPO3UU M cTapeHHs. [loKpbITHS
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Bb100pyYy. 'OCT 9.303-84 M.: UsmarenbcTBO ctanmapToB. Jlara BBenenus — 2002. -
45c.

[2] Enwnas cuctema 3ammmthl OT KOPPO3WM W cCTapeHus. [lOKpBITHS
METATMYEeCKHE U HEMETAIUIMYecKne Heoprannueckue. Oneparuy TeXHOJIOT U eCKIX
npoueccoB noxaydeHus: nokpsituil. ['OCT 9.305-84. M. :M3narenbcTBO CTaHAApTOB.
Jata BBenenus — 2002. -105c¢.

[3] BbouBap A.A.. MeramoBenenue. M.: TocymapcTBeHHOE HaydHO-
TEXHUYIECKOE U3AaTenbCcTBO, 1956, - 495c¢.

[4] Texniuna enexrpoximis. Ilinpyunuk aast BH3 3a HanpsiMkoM:

«TexHluHA eNeKTPOXiMisH»/ HAOUYHO TEXHIMHHMHA YHIBEPCUTET «XapKIBCHKHIA
noJiTexHiuHui HcTUTyT) - XapkiB: [Ipanop. 2002 / A.K. T'opbavoB 3a pemaxiriero
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pecypc]-Pexxum  moctyny :https://cherkassy.flagma.ua/dhti-150-bleskoobrazovatel-
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galvanika.ru/magazin-2/product/zylite-1160-additive-bleskoobrazovatel-dlya-
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CORROSION PROTECTION
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JAXUCT METAUJIIB Bl1/] KOPO3II



MECHANISM OF INTERNAL CORROSION OF ZIRCONIUM
ALLOY ZriNb IN FUEL ELEMENTS

Hapon Yu.K., Kalugin V.D, Kustov M.V., Kamyshan I.1.
National University of Civil Defense of Ukraine , Kharkiv,

Chernishevska Str. 94, 61023

The presented ideas about kinetics of zirconium alloy dissolution under conditions of
hydrodynamic mass transfer of reagents and products in the interphase layer.
Modeling of the process of electrochemical corrosion of Zirconium alloys in the
hydrodynamic mode allows the most reliable quantitative study of the transfer of
reagents and metal products in the liquid medium and to analyze the electrochemical
processes of interaction of medium components with the material of fuel elements in
an atomic reactor.Therefore the purpose of researches is to establish conditions of
critical kinds of electrochemical destructions which take place on external and
internal surfaces of fuel elements during their operation.

Keywords: atomic reactor, electrochemical corrosion, fuel elements, Zirconium
alloys

MEXAHI3M BHYTPIIIHBOI KOPO3Ii CIIVIABY IIUPKOHIIO
ZriNb B TBEJIAX

I'anon FO.K., Kanyri B./I., Kyctor M.B., Kamuman I.1.
HamionansHuit yHIBEpCUTET LIMBUILHOTO 3aXUCTy YKpaiHu, XapKiB,

Byn. YUepnuiescrka 94, 61023

Buknaneni  ysaBIEHHS TpO KIHETHKY pPO3YMHEHHS ciuiaBy LlupkoHio B
yMOBax TIIPOJUHAMIYHOTO MAaCOTIEPEHOCY PEareHTIB 1 MPOJAYKTIB B MDK(pazHOMY
mapi. MojenroBaHHS TMPOIECY eIeKTPOXIMIYHOI Kopo3ii craBiB  I{upkoHito B
TIIPOAMHAMIYHOMY PEXHMI J03BOJISIE HAMOUIBII JTOCTOBIPHO KUIBKICHO BUBYUTH
MEPEHOC PEeareHTIB 1 MPOAYKTIB MeTala B PIAKOMY CEPEIOBHII Ta MPOaHATIBYBATH
CIIEKTPOXIMIYHI TIPOIIECH B3aEMO/Ili KOMIIOHEHTIB CEpelOBHINA 3 MaTepiaioM

TBEJIiB B aromHoMy peaktopi [1]. Tomy MeToro AOCIIIKEHHS € BCTaHOBJICHHS
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YMOB KIHETHKH TIPOIECY EINEKTPOXIMITHOTO PYHWHYBaHHS, IO Ma€ MICIle Ha

30BHIIIHIN Ta BHYTpimHIM noBepxHsax TBEJIB B mporieci iX eKcruryarartii.

3anauero JOCIIKEHHs € BUZHAUYEHHS POJIl KUCHIO B CIUIaBax, BOJII Ta Mapi Ha
MIBUJIKICTh €JIEKTPOXIMIUHOI KOpPO3il Ta CKJIaJaHHS E€JIEKTPOXIMIYHOIO JIaHIIora
MOIJIMBOTO €JIEKTPOXIMIYHOTO Mpoliecy Ha 3BopoTHIi ctoponi TBEJly.

1. Meroauka ekcriepuMeHTy

[IBUAKICT, OKHCJIEHHS CIUIABIB LUPKOHIIO B Mapil BU3HAYallaCh METOJIOM
0e3nepepBHOTO 3BaXKyBaHHS. CXema yCTaHOBKH, 110 3aCTOCOBYBaJach , IpHUBEJECHA

Ha puc. 1.

:-+- TETr :I””ﬁ(:‘r

v l.u'B";_IDDl rAEmES .,I Ll
. ﬁll
A L

Puc. 1. Cxema ycTaHOBKH Il BUCOKOTEMIIEPATYPHUX TOCIIIKEHb B MMapax BOIH
npolecy Kopo3ii Tpyo 3 IUPKOHIEBUX CILIABIB

(1 - 3pa3ok; 2 — mig HarpiBy 3paska; 3 — KBapIioBa MpyXuHa Tepes3iB; 4 — Tpoc OJIOK
BIIKPUTTS MpoOKa 1 MIHoMy MpyXKuHA 31 3pa3koM; 5 — Mikpokareromerp KM-6; 6 —
JTaMITOYKa nmCBiquaHHa' 7 -—— KBaplioBa KoJi0a 3 JUCTWIHLOBAHOIO BOJOIO; 8 — Ty
rnmrplBy HaponpOBmH(n TpyOku; 9 — By301 KleJIeHHH CKIIsiHUX TpyO; 10 — migBic
HUTKY 1 TOYKa B3yBaHHS KareroMeTpu; 11 — m HarpiBy konou; 12 — craHuHa
yCTaHOBKH; 13 — HUTKa MIABICY 3pa3ok; 14 — BBeJEHHS TEpMOMAPH B I1i4)

2.  Pe3yJbTaTH eKCIEepPUMEHTY Ta IX 00r0BOpPeHHS

Hamu Gynmo mpoBeneno TpuBaii Kopo3iiHi gociimkenHs ciuiaBiB mpu 350°C B

Boji. Ckiam BOAM 3a OCHOBHHMMH J100OaBKaMH BUIMOBIIAB TEIUIOHOCIO peakTopa
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BBEP-1000 [2]. TpuBam BunpoOyBaHHs CIUIaBiB mpoBemeHi mporsarom 1000 ro.

Pesynpratu TpuBamx BunpoOyBaHb ciuiaBiB npu 350°C mokazaHo Ha puc.2.
Zr1Nb(0,1%0) Tpybku, 350 °C
[—e— 3pasox N2 —O—3pazok N°3  —A—3pazok N94 |
40

=

w
o

—
o
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S

o

0 1000 2000 3000 4000 5000 6000
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Puc. 2. KineTuka OKHCJIEHHSI B BUCOKOTEMIIEpaTypHii BOi 3-X 3pa3KiB TpyO 13
cmaBiB ZrINb 1 E110 3a remneparypu 350°C

Bceranosneno, mo pH cepemoBuiia BmmBae Ha KOpo3io Zr ciiaBis B H,O
npu Temmeparypax 300-360°C. IIpoTarom mpoxomKeHHS KOpO3ii yYTBOPIOIOTHCS
3apskeHi gactuau Taki sk ZrQ,, Zr(OH)s*, Zr(OH)4, Zr(OH)s~. Coonyka ZrO;
npeAcTaBisie co00I0 OKCHUAHY IUIBKY, TOMY IIBHAKICTE KOPO3il B IIHMPOKOMY
niama3oHi pH waibke He 3MIHIOETBCS. SIKIO poO3rasgaTd TiAPOKCOKOMIUIEKCH
Zr(OH)s*, Zr(OH)4, Zr(OH)s~, To BOHM NiIBMINYIOTH piBeHb pH 1 IHTEHCHBHICTH
KOpO3ii 30UIBITyEThCS.

OcoOmMBICTIO JAHOTO JOCHKEHHS € BpaxyBaHHSI BEJIMKOI XIMIYHOI
akTUBHOCTI LlpKOHIIO TpW B3aeMOI 3 IHIIMMHA XIMIYHMMH €JIeMeHTaMH. BiH 3a
MIEBHUX YMOB BCTYIIA€ B PEAKIIF0 3 KHCHEM, a30TOM, BOJTHEM, TAJIOTCHAMH, a TAKOX -
Lle3iem, TenypoM Ta HIIMMU €JIEMEHTAMH, SIKI MOKYTh HaKOIIMUYBaTHCS B CEpPEIMHI
TBEJIiB.

Ha wam mormsn, He BukmoueHi edektu BHyTpimHBbOI kopo3il TBEJIs,
HANPUKIA] 32 paXyHOK aKTUBHOTO KHCHIO, SIKUW YTBOPIOETHCS B HACTIIOK PaaioNi3y
ta audyHaye Ha BHyTpiuHIO cTiHKYy TBEJIIB B yMOBax BHMCOKHUX TeMmIleparyp Ta

Tucky. [Ipu mbomy yrBOproeThcs 1iiBKa ZrO,, ToBImMHA K01 6-10 MKM.
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Brytpimmi koposis TBEJIB - me nmpo6nemue nutanas. Ha mincrtaBi anHanizy
ximigaoro ctany kommonedtis TBEJIy ( UO, UO, UO3 U3Og, U,0s). BrcIOBIEHO
YSIBIIEHHSI TIPO MOJKJIMBOCTI YTBOpeHHs Ha BHyTpimHINA cTiHI TBEJIB (Zr - critaBn)
KOpPO3IMHOTO KOPOTKO3aMKHEHOTO TaJlbBAaHIYHOTO €JIEMEHTa, CICKTPOXIMITHUI
JIAHIIIOT IKOTO Ma€ TaKUW BUTJISIA:

A (=) ZrlZrO,, UxOy ((U*6, U*S, U*4) [ Uts/U* (+) K,
pH IIbOMY MPOTIKAE TBepA0(Da3Ha peakilisi MbK oOkcuaamMu Ypany Ta [{upkoHito.
HamiBpeakiiii Ha enekTpo1ax MOKYTh OyTH 3amMcaHi TAKUM YUHOM, 32 YMOBH,
1110 EOZrOIZr+4 << EOU+6/U+4
A Z0 - de — Zrt4—2Zr0;
K:2U* + 4e — 2U* — UO,
Zr0+ 2U%6 — Zr+4 + 2U*

B pesympTari 3ampomoHOBaHOI TIMOTE3W MPO MOMKIMBI B3aEMOJI MK
okcunamu Ypana 1 [lupkoHir0 yTBOPIOETHCS MOBIIHI a00 MOTPIitHI 3MilllaHI OKCHUTHI
CIIOJIYKU PIBHOTO THMY, Hampukiag NZrO,, mUO; i 1.

3. BucHoBok

CdopmoBaHO ysBIECHHS NPO YTBOPEHHS HAa BHYTPILHIA CTIHII KOPO31HOTO
KOPOTKO3aMKHEHOTO TalbBaHMHOrO eneMeHTa. [lokazaHo, mo HeOGe3neuHNM
(akTOpOM BUHHMKHEHHS aBapii B aTOMHHUX peakTopax € kopo3sii ZrlNb cruaBiB 13
axoro BUroToBisitoTe TBEJIn. Ha 6a31 orpuMaHux pe3ynabTaTiB NpO 30BHILIHIO i
BHYTPIIIHIO E€JIEKTPOXIMIUHY KOPO3il0 C(OPMOBAHO TEOPETUYHI MEPEPEAYMOBH

30UIbIIEHHS eKcIuTyataliiiHoro pecypcy TBEJIB B aroMHuX peakTopax.

Jlirepatypa

[1] F. Zulkiflia, W.B. Wan Nik, M.l.N.Isa, A.Y. EI-Etr Corrosion inhibition of
aluminium alloy 5083 by lawsonia inermis in tropical seawater, International Journal
of Mechanical Engineering and Technology (IJMET), 9(2018) 654—-670.

[2] B.B. Twotionuk, O.M. Co6oms, B.JI. Kanyrin, FO.B. 3axapucHko,
®opMyBaHHS AUHAMIYHOT MOJIEJ OMIEPATUBHOTO MOHITOPHUHTY PIiBHSA 3a0pyIHEHHS
eKOCHCTEMHU BHACHIIOK aBapiil Ha 00’ €KTax siepHOT EHEPTEeTUKU, 30IPHUK HAYKOBUX

npais «Exonoriuna 6e3neka Ta npupoaokopuctyBanns, 1(2020) 95— 114.
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COMBINED PROTECTION OF CARBON STEELS BY
DIFFUSION COATINGS WITH Ti, Cr, Al AND
CORROSION INHIBITORS

Pogrebova I.S, Loskutova T.V, Khyzhnyak V.G, Bobina M.M, Yaresko A.R
National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic
Institute»,37 Peremohy Av., 03056 Kyiv, Ukraine

The effect of diffusion coatings based on Ti, Al and Cr, Ti, Al produced by the
proposed technology on the corrosion resistance of U8A steel (GOST 2283) at 20 °C
in a solution of sulfuric, octopic, citric, formic and lactic acid has been researched.
The relationship between corrosion resistance and protective properties of coatings
with the chemical, phase composition of diffusion layers and the conditions of
corrosion processes has been revealed. Using electrochemical methods, the
mechanism of protective effects of coatings has been researched. The possibility of
increasing their protective properties by inhibitors of corrosion has been
demonstrated.

KOMBIHOBAHUM 3AXUCT BYIJIEHEBUX CTAJIEA
MU®Y3IMHUMHA MMOKPUTTAMMH 3A YUYACTIO Ti, Cr, Al TA
IHI'IBUTOPAMMU KOPO3Ii

ITorpe6osal.C., JlockyroBa T.B., Xwxknusk B.I'., bo6ina M.M., fpecvko A.P.
Hayionanvnuu mexuiunuu ynisepcumem Yxpainu « Kuigcokuii nonimexiivHuu

incmumym imeni leops Cikopcevkoeoy, Kuis, np.Ilepemocu, 37, kopn.Ne9, 01056

CyyacHHWI CTaH HayKH 1 MPOMMCJIOBOCTI, PO3pOOKa HOBHUX 1 MOJICpHI3AISA
ICHYFOUMX TEXHOJIOTIH Mpe/’ IBJITFOTh BUCOKI BUMOTH JI0 KOHCTPYKIIHHUX MaTepialiB
1, Hacammepen, mo ctaied [1-5]. HaneceHHs Ha MOBEpPXHIO CTaleBUX BHPOOIB
Tu(Qy31IMHAX MTOKPUTTIB A€ MOKJIMBICT TPHUAATH iM BHUCOKHH KOMIUIEKC (PI3UKO-
XIMIYHMX BJIACTUBOCTEH, IO AO3BOJISIE MIABHUIIUTA HAMIMHICTH Ta JOBTOBIYHICTH
METaJIeBOTO OO0JIaTHAHHS 1 3a0€3MEUYNTH EKOHOMIIO MaTepialbHUX Ta €HEPTCTHIHHUX

pecypcis [1-5].
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Ocranni gecatupius B YKpaiHi 1 3a 11 MeXaMu y psiii HAyKOBO-IOCTITHUX
HEHTPIB TPOBOASTHCS IHTEHCHUBHI JOCIIKEHHS, MPUCBSIYEHHI PO3pOoOIll HOBUX
MpOTpeCUBHUX ITUPY3IMHUX TOKPUTTIB, CIPOMOXHHX BHSIBUTH BHCOKI 3aXHCHI
BJIACTUBOCTI y PIBHUX yMOBax eKCIUIyaTalii MeTajaeBuX BUPOOiB. JloCTImKEHHIMH,
MIPOBEICHUMH OaraTbMa aBTOpaMH, BCTAHOBJICHO, IO OAaraTOKOMITOHEHTHI ITOKPUTTS
3a ydJacTi0 KapOimiB, HITPUIIB, OKCHAIB, IHTCPMETATIIIB TEPEXTHUX METAB Ta
ATIOMIHIFO 332 HU3KOI (PI3BUKO-XIMITHUX BIIACTUBOCTEH TEPEBHUIIYIOTh MOKPUTTS 3a
y4acTIO OJHOTO KapOimMOyTBOPIOKYOTO €JIeMEHTA. 3MIHIOIOUHM XIMIUHHUH, (a3oBUN
CKJIan 1 CTPYKTYpy AUQY3IMHUX MOKPHUTTIB, MOXHA 3HAYHO IMABUIIUTH XIMITHHI
OMIp CTaleBUX BHUPOOIB arpeCMBHOMY CEpPEIOBHUINY, a TaKOXX MEXaHIIHUM
HaBaHTAXCHHSAM, SIKI BHHUKAIOTh B PI3HUX YMOBAaX iX eKCILIyaTarlii.

Jlo BembMH TPOCTHX, CE(PEKTUBHUX Ta EKOHOMIYHO JONUIBHUX METO/IIB
AHTHKOPO3IMHOTO 3aXHCTy METaliB BITHOCHUTHCS TaKOX 3aCTOCYBaHHS IHTIOITOpIB
kopo3ii. Ha croroani B YkpaiHi icHye TOCUTh BeHMKa KUTHKICTh IHTIOITOPIB KOPO3il 1
MPOTUKOPO3IMHUX 3ac00IB 3aXMCTy MeTaliB Ha iX 0CHOBIL. CyMiCHE BUKOPHMCTAHHS
Tu(y31IMHAX TOKPHUTTIB Ta HTIOITOPIB KOPO3ii, po3p0oOJCHUX IS TOTO YH IHIIIOTO
arpeCUBHOTO CEPENOBHUINA, MJO3BOJSE B PAMl BUMAAKIB 3HAYHO ITIBUIUTH
C(EKTUBHICTh AHTUKOPO3IMHOTO 3aXUCTy CTajlell 1 3a0e3MeUnTH HAMIMHICTD 1X
BUKOPHUCTAHHA Y PI3HUX YMOBax nepediry Kopo3iiiHUX MpOLECiB.

VY niiicHit poOOTI AOCHIIKYBaIM BIUIMB NU(DY3I{HUX MOKPUTTIB 33 y4acTiO
TUTaHy, XpOMY Ta aJIOMIHIFO Ta 1X KOMOIHAIIii 3 1HTI0ITOpaMu KOpo3il Ha KOpO3IiHY
CTIMKICTh BYTJICIICBUX CTaleH B BOJHHUX arpeCUBHUX CEPEIOBUIIIAX.

1.ExcriepuMeHTAJIbHA YaCTHHA

[ToxpuTTss HAHOCHIIM Ha ByrJelueBy cTaib ¥Y8A (BMicT Byriaeuto 0,85 % mac.),
Ky MOYXHO BHUKOPHUCTOBYBATH SIK B SKOCTI IHCTPYMEHTAJIbHOTO Mareplaiay, Tak i
KOHCTPYKIIMHOTO Marepialy B IMapax TepTs B arpeCUBHUX cepefoBuiax [6].
KomruiekcHe TuTaHOATITYBaHHS TP OBOIMIIH IIOPOIITKOBUM METOI0M B KOHTEHHEpax 3
IUIAaBKUM 3aTBOPOM B HacTynHiil cymimi: mopomkiB Ti (40%), Al (15%), NH4Cl
(5%), ALO3 (40%) npu Temmnepatypi 1050°C Ha npota3i 4 roaud. YacTuHy 3pa3kiB
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nepel TUTAHOATITYBAHHSAM ITiIJaBajli ra30BOMY XPOMYBAaHHIO 33 METOJIuKOI0 [1].
Pentrenodazosuit ananiz mpooawnu Ha yctaHoBmi JIPOH YMI y wminHOMY
MOHOXPOMATH30BaHOMY  BHUIIpOMIiHIOBaHHI.  [[udpaktorpamm ob6pobmsum  3a
nonomoroxo mporpamu Powder Cell 2.2, XiMiuHuii ckiiaf MOKPUTTIB BU3HAYMIN HA
CKaHyI0uOMy eleKTpoHHOMY Mikpockotmi Jeol JSM — 6490LV 3i crekTpoMeTpoM.
MiKpOCTPYKTYPHI JOCTIIKEHHS TPOBOIUINCH Ha ONTHYHOMY Mikpockotii Neophot 7.
ToBmmMHY 1 MIKpOTBEPIICTh TOKPUTTIB BU3HAYMIM Ha npwiadl [IMT — 3.

Kopo3iitHi BunpoOyBaHHS MNPOBOAWIM MAaCOMETPUYHHM METOJOM 3a
CTaHJapTHOIO METOUKOIO IpH Temmeparypi 25 °C y po3unHax OTOBOi, MypalfHoO1,
JMMOHHOI KHCJIOT, aaUIIHOBOI Ta CyIb(aTHOT KHCIOT. B SKOCTI IHTIOITOPIB KOPO3ii
nocmmkyBam  HirporenBmicHi opradidai  croiayku: N-memu-3-oKCimpuanHinA
xmopun (imriommop KIIM-1), Tterpactmmamonii #oawmm, N-aruaMeTHImipuauHINA
TaJIOTEHIIN Ta CYMIII Ha iX OCHOBI, IPOMHCIIOBI IHTIOITOPHU KaTaIliH, 0€H30TPHA30JI—
noBepxHeBoakTHBHI pedoBuHU ([IAP) KaTioHHOTO THITY: MOHOMETHIIOJTIOCEYOBHHY
(KITI-2) - TIAP anionHoro Ttuiy, Heopranigai cnoayku: KJOs, KBrOs, (NH4),Mo0Os,,
K1 IIUPOKO BHUKOPHUCTOBYIOTh B SIKOCTI IHTIOITOPIB- MacHBATOPIB, Ta CYMIlI Ha iX
OCHOBI. EJEKTpoXiMiYHY MOBEIIHKY CTali 1 CTajdl 3 MOKPUTTSAM JOCHIIKYBaJIH
METOJIOM BoJbTammepomMeTpii Ha moteHIioctati [1M-50-1 B moTteHIiofuHaMiaHOMY
peXHMi 3 BUKOpUCTaHHs nporpamaropa [1P-8.

2. Pe3yabTaTl 10CTIAKEHDb TA IX 00rOBOPEHHS

BceranoBneno, mo Ha TOBEpXHI 3pa3KiB, OTPUMAaHUX NPH KOMIUIEKCHOMY
HAaCUYEHHI TUTAHOM Ta AJIIOMIHIEM, YTBOPIOETHCS CTPYKTYpa, sIKa CKIAJAETbCS 3
TphOX mmapiB. Ha moBepxHi po3TamioBaHO mIap Ha OCHOBI cnojiyku tuna TiFe;0,
0e3nocepeaHbo M HUM ap Ha OCHOBI kapOifga Tutana TiC, MDK SIKUM 1 OCHOBOIO —
cToBOYacTi Kpuctanu 1mapy Ha ocHoBi a-Fe(Al). 3arampHa TOBIIMHA
TUTAHOAIITOBAHOTO TOKPUTTA ckianae 25,5-31,0 MKkM, TOBIMHA NEPEXITHOT 30HU —
40,0-45,0 mxm. Ilpu xpomyBanHi ctami Y8A (opMyeTbCs TOKPHUTTS 3 Y4acTIO
kap6iniB Cr;Cs, CrCe Ta o-(hazu. TuranoaniryBHHs OMEPEIHBO XPOMOBAHO1 CTaNi

OpU3BOAUTH A0 (OPMYBAHHS HA 30BHIIIHIA CTOPOHI MOKPUTTA IIApy HA OCHOBI
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cronyk TisAl, Cr Tl ITix Hum posTamoBano mapu kapoOiga tutana TIC Ta kapOimis
xpoma Cry3Cs, Cr;Cs. 3arampHa TOBIIMHA TOKPUTTS IOIMEPEIHBO XPOMOBAHOI
THTaHOATOBaHOI cTam Y8A ckmanae 29,5-32,5 MKM.

MiKpOpPEHTTeHOCTICKTPATbHUM ~ aHATI30M  JTOCHIKEHO  XIMIYHHN  CKJIad
MOKPUTTIB OTPUMAHUX THUTAHATNITYBAaHHSIM Ta XPOMYBAaHHSIM 3 HACTYIHHUM
TUTAHOQNITYBAaHHAM  (XPOMOTHUTAHOAITYBaHHSM). BH3HAU€HO, 10 KUIBKICTH
AMIOMIHIFO B TOBEPXHEBUX IMapax B 000X MOKPUTTAX MPHUOJU3HO OJHAKOBHH 1
ckmagae 9,5; 10,9-8,98%wmac, BinmosinHo. [IpoTe, 3HA9HO BIAPI3HAIOTHCS 3a BMICTOM
3amza, mo crtaHoButh 21,3%mac; 13,35%wmac., BimmoBimHO. BwmicT THTaHy B
MOKPUTTIX CTaHOBUTH - 68,9; 47,01-44,9, BimmoBimHO. OKpiM TOTO, TMOKPHUTTSI 3a
y4acTI0O XpOMy MICTATh B TMOBepxHeBoMmy mapi 28,74-32,9%wmac. xpowmy.
MikpoTBepAICTh MOBEPXHEBUX IIAPIB B 000X MOKPUTTIX JOCHTH BUCOKA 1 CTAHOBUTH
5,8-10,0ITIa.

AHani3 TaHUX KOPO3IMHUX Ta ENEKTPOXIMIYHUX TOCIIIKEHb, MPOBEACHUX Y
TiMcHIA poOOTI 1 OTpUMaHUX TaKOXX B poOortax [/, 8], mokasye, mo Kopo3iliHa
CTIMKICTh JOCIUDKYBaHUX IHQPY3IMHUX IOKPHUTTIB 3aJCKUTh SK Bi XIMITHOTO,
dazoBoro ckiaay ta OygoBu qudy31HUX MapiB, Tak W BT IPUPOIU 1 KOHIIEHTpAITii
KHCJIOTH, 9acy KOPO3IMHUX BUMPOOYBaHb Ta HASBHICTh B PO3YMHAX HTIOITOpiB. Tak,
KOpO3iiiHa CTIMKICTh cTaimi Y8A 3HAUHO 3MEHIIyeThCs MpH nepexoi Bix 5% HSO4
10 20% po34MHY IMMOHHO1 KUCJOTH, 10 % po3uKHI MypalmMHOi Ta OUTOBO1 KUCJIOTH
1, ocobmmBo, 10 10% po3unHy MOJI04HOT KHCHOTH Ta 1,5% po3unHy aauIiHOBOI
KucaoTH (Tabdiy.). B aHamorivuHOMy HampsMKy (3a BHHATKOM MOJIOYHOI KHCJIOTH)
3MIHIOETHCSl Y PO3YMHAX KHCJIOT KOPO31iHA CTIMKICTh 1OCII)KYBaHUX OKPHUTTIB.

Taka CeleKTUBHICTh KOPO31MHOT CTIMKOCTI Ik He0OpOoOJIEHOT CcTa, TaK 1 cTal
3 HAHECEHMM Ha Ii MOBEPXHIO MOKPUTTSAM TIOB’S3aHa 13 PBHUM XapaKTEpPOM
JenoJisipu3anii  KOpo3IHUX MPOLECIB y PO3UMHAX LHMX KHUCIOT Ta BUOIPKOBHUM
BIUIMBOM iXHIX aHIOHIB Ta MBUAKICTIO aHOJHOTO PO3YMHEHHsS MarepiaiiB. Y
po3unHax H,SO, kopo3is cTami 1 cTami 3 TOKPUTTSAM TNPOTIKAE 3 BOJHEBOIO

JeToJsIpr3aIiieto, y po3unHax JuMoHHoi (pH 1), MypammHoi Ta MOJIOYHOT KUCIIOT
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(pH 2) — 13 3MimaHo0 BOJHEBO-KUCHEBOIO, Y PO3YMHI OLTOBOI Ta agUIIHOBOI
kucinotu (pH 4) — 3 mepeBaxHO KHUCHEBOIO aemossipusariiero. [Ipupoma aniona
KHCJIOTH TaKOX CYTTEBO BIUIMBAE HA MIBUJKICTH aHOJHOTO PO3YMHEHHS CTaJIl 1 CTal
3 TIOKPUTTSAM B iX aKTUBHOMY Ta IMMACUBHOMY cTaHl. Tak, Ipu mepexoai BiT pO3UHHY
cymbpaTHOI KHCJIOTH JO PO3YMHIB JOCTKYBAaHMX OPTaHYHUX KHCJIOT
CIIOCTEPIra€TbCsl  3HAYHE  3MEHIIEHHS  aHOJAHOTO  CTPYMY  PO3UMHEHHS
XpPOMOTHUTAHOAITOBAHOTO TOKPHUTTS B aKTHUBHIA 00JIacTi Ta B 00JIACTI MACUBHOTO
ctaHy. CXWIBHICTh TOKPUTTIB [0 TAacHBallli y pO3YMHAX OPTaHIYHUX KHUCIOT
MIBUIYETHCS TPH TEPEXO 1 BT JIUMOHHOI O MOJOYHO1, MypaIIMHOT Ta OI[TOBOI
KHCJIOT, IO KOPEMOE 3 iXHBOIO KOPO3IHHOK CTIMKICTIO Yy IMX KHCJIOTax. 3
MIBUIIICHHSIM Yacy KOPO3IMHMX BHUIMPOOYBaHb MIBUAKICTH KOPO3il CTalll y PO3YHHI
H,SO,4 crmbHO 30UTBITY€ETHCS, 0 00YMOBJICHO TIOMITHAM PO3BHHEHHSM ITOBEPXOHD
KOPOIYIOUHX 3pa3KiB. JIJIs1 cTam y po34uHi ONTOBOT KUCIIOTH 1 CTaJll 3 IOKPUTTSIMU B
pPO34YMHAX OLITOBOI Ta AUMIHOBOT KUCIOT Mpubm3HO miciist 150 roaun BunpoOyBaHb
CIIOCTEPIraeThCsl JACSKE TalbMyBaHHA KOPO3IMHOTO MpOILECy MPOAYKTaMH KOpPO3ii.
Ane micns OUTbIl TpPUBATMX KOPO3iHMX BHUMNpoOyBanb (Oumbiie 600 romuH)
MIBUJIKICTh KOPO3ii Au(y3IMHUX MOKPUTTIB PI3KO 3POCTAE 1 BiIOYBAETHCSI YaCTKOBE
BIIIIAPOBYBAHHA TMOKPUTTS, L0 OOYMOBJIEHO YTBOPEHHSM TalbBaHIYHOI MapH
«3aJ1130 OCHOBH - TTIOKPUTTSI.

HaneceHHsT Ha NMOBEPXHIO CTall AU(PY3IMHUX MOKPUTTIB 3@ YYacTIO THUTaHY 1
AMIOMIHIF0O 200 TUTaHY, XpOMY Ta AJIIOMIHIIO Y OUTBIIOCTI BUMAJKIB MPU3BOJIUTH 10
HIIBUILEHHS i1 KOPO3IMHOI CTIMKOCTI Y pO3YMHAX KUCIOT. Y pO3YMHAX OPraHMHUX
KHCJIOT MMO3UTUBHUI BIUIMB NOKPUTTIB HA IBUAKICTh KOPO3il CTall B JEKUIbKA pa3iB
HIIBUILYETHCS TPU NEPEXOJl Bl TUTAHOAITOBAHUX 1O XPOMOTHTAHAIITOBAHHUX.
OcTaHHE TOSICHIOETHCSI YTBOPEHHSIM Ha TOBEPXHI MOKPUTTIB Oap’€pHOTO IIapy 3
KapOlIiB XpoMmy, IO 3a0e3neuye MEHIy KUIbKICTh 3aii3a, $KE IHTEHCHBHO
PO3UMHAETHCS Y KUCIOTaX, B MPHUIIOBEPXHEBOMY Inapi MOKpUTTS. BcraHoBIieHi

3aXMCHI BJIACTUBOCTI XPOMOTHTAHAIITOBAHUX MOKPUTTIB y PO3UYMHAX OPTAHIMHHUX
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KHCJIOT MOCTYIOBO 3pocTatoTh Bif 11,18 mo 95 % mpu mepexosi Big MOJIOYHOI 10
JMMOHHO1, OIITOBOT Ta MypaIIMHOI Ta 0COOJIMBO aAUMIHOBOI KUCIIOTH.

[linBuiieHHsT KOPO3IMHOI CTIAKOCTI CTalll 3 JOCHI)KYBAaHUMHU MOKPUTTAMH Y
NP Yac KOPO3IMHUX BUITPOOYBAHb ITOB’ 3aHO 3 HA HASBHICTIO y X TTOBEPXHEBUX
mapax crnoiayk tuna Fe;Ti;O (turanoamuroBaHe MOKPHUTTA), a00 cmoayku TizAl
(XpOMOTHUTAaHOATITOBAHE TTOKPHUTTS) AIIOMIHIIO, SKUW BHSBIISIE BHCOKY KOPO3IMHY
CTIMKICTh y 0ararb0X Oprafiyaux KuciaoT [9]. 3 MmiIBHIIEHHSAM Yacy KOPO3IMHHMX
BunpoOyBaHb (B 48 10 406 roauH) 3aXrUCcHA Jis1 XPOTOTUTAHOATITOBAHOTO OKPUTTS
CITOYATKY MABUITLYEThCA (Y 3pocTae 3 39 10 65), a MOTIM OCTYHOBO 3MEHIITYETHCS
(y=9,3), B TOl 4ac, SIK y pO34YHHI aIUIIHOBOT KUCJIOTH, BECh 9ac MOCTYIIOBO 3POCTAE
(y= 38,5). lle 00OyMOBIEHO IOCTYIIOBUM PO3YHMHCHHSIM IIOBEPXHEBUX IIIapiB
MOKPHUTTIB 1 PI3BHOIO XIMIYHOKO CTIMKICTIO TX KapOUTHHMX IMapiB y IUX KHCJIOTaXx.
BB xpomMoTHTaHOATITOBAaHUX MTOKPUTTIB HA AaHOTHE PO3YMHEHHS CTaN TP I[bOMY
BUSBIIIETHCSI OUTHIINM, HDK TUTAHOATITOBAHUX, IO 3HAXOJIUTHCS Y BIIMOBITHOCTI 3
JTaHUMU KOPO3IMHUX BUMPOOYBaHb.

Y 5% po3uuni H,SO4 xpoMoTHTaHOATITOBaHI MOKPHUTTS TaKOX OUIbI, HDK
TITAHOAITOBaHI TalbMYIOTh aHOJIHE PO3YMHEHHS CTall B aKTHUBHIA 00JacTi 1 B
o0JacTi iX MacUBHOTO CTaHy, aje B MEHIIIOMY CTYIICHI (3aBJISIKM HAsBHOCTI KapOidiB
XpOMY) TaJlbMYIOTh KaTOJHY pEaKUIF0 BUAUIEHHS BOJHIO. 3 MIIBUIICHHSAM Yacy
KOpO3iiiHUX BUMIPOOYBaHb (3 24 10 93 roauH) 3axucHa Jisl JOCII)KYBaHUX MOKPUTTIB
B CyJb(aTHIA KHCJIOTI 3HAYHO 3MEHUIYETHCS, L0 OOYMOBJIEHO YTBOPEHHSAM
raJlbBaHIYHOI Mapy «3aJ30 - IOKPUTTSD.

[Tomanbie M1IBUIICHHS 3aXHCHO1 hitil TUTAHOATIITOBAHUX 1
XPOMOTHTAHOATITOBAHUX TOKPUTTIB JOCATAETHCS IIUIIXOM BBEACHHA Y PO3YUH
KHACJIOT OPraHidYHUX 1 HEOPraHIMHUX IHrIOITOPIB KOPO3il Ta AESIKHUX IX CYMIILEH.
Hocmimkeni iHrioiropu-okucuukn KBrOsz, (NH4):MoO, ( y xonnenrpamii 4 r-1l)
MPaKTUYHO HE BIUIMBAIOTh Ha KOpo3iro ctam y 5% HySO4 1 mumre y 1,5-2,5 pasis
HIIBUILYIOTh KOPO3IiHY CTIMKICTh TUTAHOAITOBAaHUX MNOKPUTTIB. HaiOuibury

eEeKTUBHICTb Cepe CIIOIYK LIbOTO TUITY BUABIIE KOMOiHaLA 2 Tt OEH30TpHa30Iy
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1 3 ra!t KIOs;, B NOpUCYTHOCTI $KOT KOEQIIEHT TalbMyBaHHSA KOPO3ii
XpOMOTHUTaHOAMTOBaHOTO TOKpHUTTA y 5% H SO, cxmamae 62,86, a CTymiHb
KOMOIHOBAHOTO 3aXHCTy IIMM MOKPUTTAM Ta iHTI0ITopom gocsrae 98,41%.

3HauHy 3aXUCHY 10 IPHU KUCJIOTHIA KOPO3ii cTaji 1 cTaji 3 MOKPUTTIM Y 5%
H,SO, BusaBmsaroTh, Hacammepen, HitporerBmicHi opranmHi crnoayku (KITH-1,
KaramiH, aeski N-aluIMeTHITpuAnHIA TajJoTeHITH, TeTpacTUIaMOHIM HOaum) Ta
cymimr Ha X OCHOBI. J[if Takux OpraHMHMX IHTIOITOPIB KOPO3ii, sIK OyJI0 TOKa3aHO
namu [10], oOymoBIeHa 1x ancopOIi€to Ha MOBEPXHI BKIIOYEHb, III0 € Y TOBEPXHEBHX
mapax MOKPHUTTIB, «3aTIKOBYBAaHHSAMY» YTBOPEHUX B HHUX Je(EKTIB 1 MOp, BIUIMBOM
anmcopOOBaHMX YACTHHOK Ha PpEakIlii KOpO3iMHUX mporieciB. AHam3 e(peKTUBHUX
3aps/IiB aTOMIB TaKWX IHTIOITOPIB IMOKa3ye, IO HAHOUIBIT WMOBIPHHUM IIEHTPOM iX
aIcopOIIil € reTepOKUIbIIE, sIKe 3a0e31edye iX aficopOIlifo 3a paXyHOK T-CJICKTPOHHUX
3B S3KIB  TeTepoaroMy 3 aacopOaToMm 1 eIeKTPOCTATHIHOT B3a€EMOJI TO3UTHBHO
3apsKeHoro aroMy HitporeHy, 1o 3 MOBEpPXHEI0 MeTala HETaTHMBHO 3apsKeHa.
Taki cmoiykd BITHOCSTHCA O IHTIOITOPIB KOpO3i EHEPreTHYHOro THITY, SIKi
BUSBJISTIIOTh HAMOUTBINy 3aXMCHY JIF0 MIPU KOPO3il 3 BOJHEBOIO ACTOJSPU3AINEIO 32
paxyHOK BUHHUKHEHHS TpH iX aacopOIiii MO3WUTUBHOTO afCcOPOIIfHOTO CTpUOKa
noTeHmiata. Ha mepmomy eram  KOpO3IMHMX BUNPOOyBaHh BOHH  3J/aTHI
ancopOyBaTUCh Ha TMOBEPXHI BKJIIOYCHh B IMOBEPXHEBUX INMapax IMOKPUTTS Ha
YaCTUHKAX 3ajli3a Ta JIOMIHIIO, SIKI MAlOTh HEraTUBHHUM 3apsij B IIKajli AHTPOIOBa
[10]. Ha ocTanHIX eTamax MpOTIiKaHHS KOPO3il JOCIIKEHI IHTIOITOPH afcopOyIOThCS
TaKO Ha TIOBEPXHI 3ali3a OCHOBH, IO JO3BOJIIE 1M 3aralbMOBYBaThu pPoOOOTY
rajlbBaHIYHOT TTAPH «3aJ130 OCHOBHU- TIOKPHUTTS.
B po3umHax opraHiyHuX KUCJOT, Hanpukinad, 10% onroBoi, KOpo3ii HPOTIKAE 3
NEPEBAKHO KMCHEBOIO JIENOJIAPU3ALIIE€I0, TOMY HalOUIbIIy €(EKTUBHICTh BUSBISAIOTH
HTi0iTOpH KOpo3il 6sI0KyBabHOTO TUITY (TioceuoBuHa, KI1M-2), ancopOiis sxux Ha
3ai1i31 MPOTIKAE 3aBISIKK B3aeMOJil HemojauieHol mapu enekTpoHiB Cynbdypy 3 d-
opOitasiMu aromiB 3aiBa. OJHaK, OCKUTbKM Taki CHOJIYKH BIIHOCATbCA J10 TIAP

aHIOHHOTO TUITY, BOHU IIOTAHO a,ucop6y}0TLc;1 HAa TTOBCPXHCBUX IIApax MOKPUTTA, JAKC
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MICTUTh CTIOJIyKH 3@ YYacTIO aIIOMIHIIO, i BUABJIAIOTH OUIbII BUCOKY 3aXHUCHY IO

micJsl 1X YaCTKOBOTO PO3YMHEHHS - B PO3YMHAX KUCJIOT MPH OUTBII JOBTOTPUBAIUX

KOPO3IMHUX JTOCTIIKCHHSX.

Ta6auus. Kopo3iiiHa CTIKICTh BUXiTHOT cTam Y8A Ta cTai 3
TUTAHATITOBAaHAM Ta XPOMOTHTAaHOATITOBAHUM MOKPUTTIAMHU
B PI3HUX arpeCUBHUX cepenoBuiax mpu 25 °C

Po3uun Cranp V8A Ti-Al Cr-Ti-Al
Km,(r/M2-Ton) | Km,(r/M2-TO) Y Km, I
(r/m2-Tom)
10% ourroBa 11,501 (I) 1,09 (I) 10,53 0,297 (I) 38,72 (I)
KHCJIOTa 9,29 (III) 1,05 (1) 8,82 0,167 (III) | 55,63(III)
9,25 (IV) 0,533 (IV) 17,355
5% H,SO4 129 (I) 4,78 (I) 26,98 12,600 (I) | 10,238(I)
197,38 (1) 27,04 (1) 7,3 32,250 (I) | 6,12(11)
5% H.SO4+ 2,320(1) 3,13(D) 53,4(1) 2,284 (I) | 56,479*(I)
Karamina 3,184 (II) 3,13(I0) 53,4(II) 3,98 (II) | 49,49*(I)
5% H>SO4+ 1,007(1) 3,362(I) 27(I) 2,747 (I) | 46,96*(])
KTIN-2 1,205 (II) 2,176(1T) 74(1I0) 1,245 (1) | 130,67*(II)
5% H.SO4+ 0,55(I) 1,310(1) 6,95(I) 1,36 (I) 94,85*(I)
KIIN-1 0,519 (II) 1,40(11) 133,74(1) | 1,45 (I) | 136,12*(1I)
5% H2SO4 0,087(I) 1,635(1) 55,67(1) 1,431(1) 90,17(I)
+TEAi 0,112(IT) 1,185(1I) 160,2(I1) | 1,055(1) 187,1(1I)
10%ouroBa 1,675(V) - - 0,289(V) 5,97(V)
KHCJIOTa
10%wmomouna | 0,495(V) - - 0,439(V) 1,56(V)
KHCJIOTa
10% 3,644(V) - - 0,342(V) 10,21(V)
MypaliHa
KHCJIOTa
10%mumonna | 2,253(V) - - 0,904(V) 2,21(V)
KHCJIOTa

[Mpumitku: 1. Tpusamicte mocmiay (rox): 48 (I), 93 (1), 144 (1), 386 (IV), 600(V).
2. Konnenrparist inrioiTopiB ctaHoButh 3 11!, TEAi- TeTpaeTinamMoHiii ioamm.
3. 3HayeHHA Y BIANOBIIAIOTH 3aXUCHIA 11 TOKPUTTSA Yy HE1Hr100BaHMX PO3YMHAX,

3HaYEHHS Y* — KOMOIHOBAaHOMY 3aXHCTy CTajll MOKPUTTAMU Ta 1HriOITOpaMu.
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3. BucHoBkH

BukopucTaHHd THTaHOQITOBAHUX 1 XPOMOTHUTAHOANTOBAHUX AUDY3IHUX
MOKPUTTIB Ta 1X KOMOIHAIIIM 3 HTIOITOpaMu KOPO3ii 1a€ 3MOTY MIABUIIMTUA KOPO3IMHY
CTIMKICTh BYyTJENeBoi ctaml Y8A y cynabdarHii Ta psAal OpraHIIHAX KHCIIOT.
BcTaHoBIEHI aHTUKOPO31iMHI BIIACTUBOCTI JOCHIKEHUX MOKPUTTIB Ta 1X KOMOIHAITII
3 1HTiOITOpaMu KOpo3ii, 3HaYHa TOBINMHA Ta BHCOKAa MIKPOTBEPIICTh OTPHUMAHHX
nuy31IMHUX IapiB JTO3BOJISIE PEKOMEHIYBAaTH 1X JJII BHKOPHUCTAHHSI B YMOBax

OJHOYACHOI Jii arpeCHBHUX PO3YHHIB Ta MUTOMUX HABAHTAKCHb.
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EFFECT OF THE CU IONS IMPREGNATION CONDITIONS
ON THE ANODIC TIO, PROPERTIES

Soltys-Mr6z M., Syrek K., Sulka G.D.
Jagiellonian University, Faculty of Chemistry, Gronostajowa 2,
30-387 Krakow, Poland

Anodic titanium oxide (TiO;) as biocompatible, non-toxic material having a
good chemical stability is often used in photocatalysis, photoelectrochemical water
splitting, and medicine [1-3]. However, its high band gap (3.2 eV) limits its
applications
as catalysts and causes that only UV light can be absorbed [4]. Among different
approaches that can be used to reduce the band gap, a wet impregnation method seems
to be an easy and effective strategy to obtain enhanced materials properties. Therefore,
in this work, studies on the influence of copper ion concentration on properties of
anodic TiO, samples impregnated with copper (I1) acetate solutions were presented.

1. Experimental

Anodic titanium oxide was fabricated by a three-step anodization in an ethylene
glycol-based electrolyte containing 0.38% wt. NH;F and 1.79% wt. H,O at a constant
potential of 40 V.

The samples of nanoporous titanium oxide layers were modified using
the impregnation method with Cu(CHsCOO), solutions at various concentrations (10
— 50 mM). The samples were immersed in the solution containing the appropriate
concentration of transition metal ions for 10 minutes and then dried at 80 °C for 20
min. This cycle was repeated 5 times. The obtained samples were then annealed at 400
°C for 2h.

The morphology and chemical composition of synthesized materials were
investigated by field emission scanning electron microscopy (FE-SEM/EDS).

The photoelectrochemical measurements were carried out using a potentiostat

in a three-electrode Teflon cell, where the tested sample was used as a working
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electrode, the platinum wire as a counter electrode, and the silver chloride electrode
was a reference electrode. The photocurrent vs. time curves were recordedina 0.1 M
KNO3 aqueous solution under the applied potential of 1 V vs. Ag/AgCI. A pulse
illumination in the range of 300 — 600 nm with a 2 nm wavelength step and 10 s light
and 10 s dark cycles were used.

2. Results and discussion

In order to determine a surface distribution of copperand its content, elemental
EDS mapping was carried out. As can be seen from Fig. 1, the synthesized materials
possess a porous morphology comparable with the anodic TiO,. The EDS map
demonstrated that copper is uniformly distributed over the surface of anodic TiO,, and
the average Cu content (marked with red) in anodic samples decreases with increasing

copper ion concentration in the impregnating solution.

10 mM 25 mM 50 mM

Fig.1. (A) FE-SEM/EDS map of anodic TiO; impregnated in 50 mM Cu(CH;COO),
and annealed at 400 °C for 2 h. (B) Average copper content in the samples
impregnated in solutions with different concentrations of Cu(CHs;CQOO)s,.

To investigate the influence of concentration of Cu(CH3;COO), in impregnation
solution on the photoresponse of synthesized samples, the photoelectrochemical
measurements were performed. For non-modified anodic TiO, layers maximum
photocurrent density values were typically observed at 354 nm. However, for modified
Ti10O, samples the maximum of generated photocurrent was slightly shifted towards he
visible light region. Values of band gap energies, which are shown in Fig. 2, are lower
than for the TiO, samples impregnated in distilled water.
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Fig. 2. Band gap values estimated from photoelectrochemical measurements.

3. Conclusion

The studies showed that the structure of anodic TiO, samples impregnated with
Cu ions was changed and depend on the concentration of transition metal ions used.
The modified TiO, materials exhibited different photoelectrochemical response from
those observed for unmodified TiO, layers. The band gap energy values
for the modified samples, which were determined by photoelectrochemical
measurements, are slightly lower when compared with the non-modified.

It should be mentioned, that proposed modified anodic TiO, samples
can be promising materials working under solar illumination. However, further
research is needed to fully understand the influence of impregnation conditions
on semiconducting properties of anodic TiO; layers.
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MEDIATOR SYSTEMS FOR SENSORY MEANS OF
ENVIRONMENTAL MONITORING

Kosohin O., Kushmyruk A., Linyucheva O., Buket O., Liniuchev O.
Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Peremohy prosp., 37, 03056

A study of the oxidation process of sulfur dioxide on a titanium electrode activated
with ruthenium (IV) oxide in a solution of perchlorate acids in the presence of
various redox systems has been carried out. For titanium activated with ruthenium
(IV) oxide, the introduction of Fe2*/Fe3*, Cr3*/HCrQOy, I-/HIO3 redox systems into the
background electrolyte leads to stabilization of the SO, oxidation rate. An increase in
the loading of ruthenium (V) oxide in the catalytically active material from 0.5 mg to
75 mg RuO; per gram Ti leads to an increase in the SO, oxidation rate by almost two
times. For the first time, an electrochemical device of a galvanic type for the
determination of sulfur dioxide was theoretically substantiated and practically
implemented, the action of which is based on the electrochemical oxidation of the
products of the interaction of sulfur dioxide with an iodate-ion on a ruthenium
dioxide working electrode, which is coupled in a current-forming process with the
reduction of electrolytic manganese dioxide (EMD) on an auxiliary electrode.

Keywords: sulfur dioxide; ruthenium (IV) oxide; perchlorate acids; mediator;
electrochemical device.

MEIIATOPHI CUCTEMMU JIA CEHCOPHHUX 3ACOBIB
MOHITOPUHI'Y JOBKUILJIA

Kocorin O.B., Kymmupyk A.l., JlintoueBa O.B., byker O.1., JlintoueB O.T'.
Hayionanonuu mexnivnui ynisepcumem Ykpainu « Kuiscbkuil noaimexuiynui

incmumym imeni lzops Cikopcvkozoy, m.Kuis, npocn.Ilepemoeu, 37, 03056

Hiokcun cynbdypy 3HAHIIOB 3aCTOCYBaHHS B PIBHUX Taly3siX HapOIHOTO
rocmo/apcTBa, MmO 0a3yeTbCsi HAa HWOTO KHCIOTHHMX, OKHCHO-BIIHOBHHUX Ta
KaTaJTITUYHUX BIAcTUBOCTAX. OCHOBHHUM MPOMHCIOBUM BHUKOpUCTaHHIM SO, €
CIPYaHOKHUCIJIOTHE BUPOOHUIITBO, A€ BIH BUCTYIAE B SIKOCTI IPOMDKHOTO HPOJYKTY
OpU CHUHTE31l Cynb(paTHOI KHUCJIOTH Ta ULENIOJO3HO-MIAanepoBa 1 TEKCTUIIbHA

IPOMUCJIOBICTh, € HOTO BUKOPUCTOBYIOTh B SIKOCTI BiAOUIIOIOYOTO areHTa. Takoxk
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SO, BUKOPHUCTOBYETHCS SIK Karaai3aToOp Ta €KCTPaKIIMHUN PO3YMHHUK B HAPTOBIHA
MPOMHUCIOBOCTI; st uoTarii  CcymbpimHUX pya B TIPHAYO-BUIO0OYBHIi
MIPOMHUCIIOBOCTI; IK POMDKHA CHPOBHUHA Y BUPOOHUIITBI BITOUTIOBAYIB; SIK BITHOBHHK
B JICAKUX ITPOMHUCJIOBHX IMpoIiecax; K xojooareHt [1]. B xap4oBiii mpoMHUCIOBOCTI
miokcua cynbdypy (xapuoBa goOaBka E220) 3aBasku CBOiM aHTUMIKPOOHIN il
BUKOPHCTOBYETHCSI K KOHCEpBaHT. B €BpoCOr031 BCTaHOBJIEHI MaKCHUMAaJIbHO
normyctuMi KoHIteHTparii SO, mmsg BUH pBHOro tumy: Bim 160 mr/m aas cyxmx
yepBoHUX 10 300 Mr/a st cojioakux Oumx BuH [2, 3].

TpanumiitHi XIMIKO-aHAIITHYHI Ta IHCTPYMEHTAIbHI METOJM Ta30BOT0 aHAIRY
HE MOXXYTh OYTHM BHKOPHCTaHI JIJI1 CTBOPCHHS 0araTOTOYKOBHUX aBTOMATHYHHX
CHUCTEM KOHTPOJIIO, 10 BKIFOYAIOTH JIECSITKU Ta COTHI MEPBUHHUX MEPETBOPIOBAYIB
iHpopMmartii. OcTaHHIM HEOOXiTHA MIHIATIOPHICTh, HE3HAYHE CHEPTOKUBIICHHS Ta
BapTICTh, MOXJIMBICTh YCTAaHOBKH Yy B@KKOJOCTYITHHUX MICIX. TakuM BUMOTaMm B
OUTBIIIOCTI BHIIAJKIB 3aJ0BOJILHSAIOTH XIMIYHI CEHCOPH Ta CEHCOPHI METOIH
KoHTpoJo [4, 5]. EnekTpoxiMiuHI PUCTPOI BIIPIBHAIOTHCS BHCOKOI YYTIMBICTIO,
MIBUJIKOJIEI0 Ta CENEKTUBHICTIO. EnekTpuyHuil curHai, mo QOopMyeTbCs, 3pyIHHI
U1l peecTpaui Ta OOpOOKM, a TAaKOXK JAa€ MOXIIMBICTD OTPUMYBAaTH [aHl Ipo
MEXaH3M XIMIYHOT peakilil y aHalmi3oBaHUX cepenoBuiax [6]. [lepeBaroro ceHcopis
JIaHOTO THUITY € HEBEJIMKA €HEPTOEMHICTh, MPOCTOTA EKCILTyaTaIlii.

Jns  BusHaueHHs SO, 3anpONOHOBAHO AMIEPOMETPUYHUN METOH 3
BUKOPHUCTAHHAM PEIOKC-CUCTEM 3 TMOJIBAJICHTHUMU I0HAMHU METANIB SIK MEIIaTopiB
peakiii OKWCHEHHs JHiokcuny cyiabdypy [7-9]. B skxocti pemokc-cucteM
BUKOpHCTOBYIOTH Fe?t/Fed* [7], Cut/Cu?* [7-9]. TIpu Bu3HAYEHHI TIOKCUIY CYIBOYPY
peakiiisi Mbk MemiatopoMm Ta SO nepebirae B 00’ €Mi €IEKTPOJITY, a HA poOoUOMYy
CJIEKTPOJII BiAOYBAEThCA E€IEKTPOJHA pEAKIlid pereHepailii Meaiatopa, OJIHAK
BUKOPHUCTAHHA B SIKOCTI poOOYOTO eleKkTpojia miaTtiuHu [/] abo 30mo0Ta [8] HiBemroe

BC1IlepeBaru X NpUCTPOiB HaJ TPaJAULIITHUMHU.
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1. MeToanka ekcriepuMeHTy

VY AKOCTI CTPYMOIIPOBITHOI OCHOBU €JICKTPOIIB BUKOPHUCTOBYBAIN MOPOIIOK
tutany Mapku [ITEM ¢pakmi 0,05 mm...0,1 MM, muTOMa TOBEpXHS SKOTO 3a
merogoMm BET cknanana 0,2 m2/r [10].

Karamrnuno aktuBHI mokputrs RUO, Ha THTaHOBIH OCHOBI OTPUMYBAIH
TEPMIYHUM PO3KJIaJaHHsAM BidnoBinHoi coJi [11]:

RuOHCI; + H,O — RuO, + 3HCI.

JI1st bOT0 pO3paxoBaHy KUIBKICTh COJII METaTy PO3YHMHSIIA y BOJI, J0daBaIH
JI0 TUTAHOBOT'O TOPOMIKY Ta CYIIMIM T JaMIOBUAM peduiekTopoM y daphopoBii
qar, MiCIsI YOoro KOMITO3MIN IMIIAraia IMpoKaploBaHHIO B MyQenbHIA Iedi y
TUTaHOBOMY THUTJIl 3a IEBHOT TeMIieparypu. Temmeparypa nposxkaploBaHHs CTAHOBUJIA
(410£10) °C. Po3paxoBana 3akiaaka RUO; ctaHoBuia 5 Mr ta 75 Mr Ha 1 T TUTaHy.

B sKocTI enekTpoJiiTy BUKOPUCTOBYBAIA PO3YUH 4 MOJIB/JI MEPXJIOPATHOI
KUCJIOTH.

EnexTtpoxXiMiyHI ~ KOMIPKM  BUTOTOBJISUIM ~ [OUIAPOBUM  IPECYBAHHAM
(YHKIIOHAILHUX MIApIB, KOMIIOHEHTH SKUX PeTeNbHO mnepeMiiryBanu. Koxen map
yiubHIOBaM  3ycuwiusim - S kH...6 kH. B pe3ynbrari mnpecyBaHHS KIHIIEBUM
sycwuiaM 90 kH, 1o mnepeBuiiye MeXy TEKy4OCTI THUTaHy, OTPUMYBAIA MOPUCTI
CTPYKTYpH Yy BUIJsiI TaOseTok giamerpoMm 18 mm 1 Bucotoro 10 Mm...15 mm. B
poOOTI BUKOPUCTOBYBAIM Mpec-GopMHU 13 IHCTPYMEHTAILHOI cTaill Y-8, a B SIKOCTI
npecy — BunpoOyBaibHy MaHy tuity MI1-100 3 enekrpoHHUM 0J0KOM YITpaBiIiHHS,
IO JIO3BOJIIE PETYJIOBATH IBUAKICTH MPECYBAHHS Ta BUTPUMKY IPHU 33JaHOMY
3YCHILII.

EnexTpoXiMiuHI KOMIPKH BKIIOYAIA POOOYUNA 1 JONMOMDKHUN €NeKTPOaH
(puc. 1), po3aiieHi cemapatopaMu i3 MOJIMEPHOIrO Matepiaay ((hTOpOILIaCT MapKH
@®T-4) 3 rimpoduIi3y0U0I0 J00aBKOO CHIIIKAreo.

Po6oui enextpoau komipok Brmrodamu 0,15 1...0,2 © KaTaMTHYHO aKTUBHOTO
NOPOIIIKY TUTaHy, HampecoBaHoro Ha map Ttutany (0,2 ). ToBumHa pobGoyoro

efieKTpoay ctaHoBuia Osm3bko 0,25 MM. T'abaputHi pO3MIpU €NEKTpOAYy NpH
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nopuctocTi 30 % m03BOJSAIM peaniBOBYBaTH Mepedir eNeKTPOXIMIYHOT peakili Ha

MOBEPXHI PO3ILTY TPhOX (a3 «raz-eNeKTPOIT-KaTATITHIHO aKTHBHE TTOKPHUTTS.

1 1 — poGouwnii enektpo; 2, 4 — cemaparop;
3 — eNeKTPOo 1 MOPIBHAHHS; 5 — TOTIOMDKHHM
2 ENIEKTPOT

|

Puc. 1. Cxema nBoeneKTpoAHOT KOMIPKU

[licist BUTOTOBJIEHHSI, TPOCOYYBAHHS PO3UYMHAMM BIIMOBIIHUX E€JIEKTPOJITIB 1
BUJAJICHHS! (PUIbTPYBAIBHUM MaepoM HAJJIMILIKY PO3YHHY €JEKTPOJITY 3 MOBEPXHI
KOMIpKM 1i MOHTYBaIM B IUIACTUKOBUH KOpPIYyC VHI(IKOBAHOI cepii CEHCOPIB,
po3po0bieHoi Ha kadeapi TEXHOJIOTIi enekTpoxiMidHuX BUpoOHunrs HTYY “KIII”.

EnextpoxiMiyHy KOMIpKY (puC.2) BCTaHOBIIIOBAIM MK (DIKCYIOUUMU
noJyieTuiaeHoBuMu oboimamu (7, 11) 3 TuraHoBUMHM cTpymoBinBogamu (14) 1
MOHTYBaJM B Kopiiyci (1). B nudysilinoMy BikHi (2) BCTAHOBJIEHO 3aXUCHY METAJIEBY
citky (4) ta miapparmy 3 mopuctoro ¢groporuiacty (3), MO 3axXyIae 4YyTIUBUI
eJIEMEHT BiI MUYy 1 aepo30JiB, Ta PproporuiactoBuil Auck (6) 3 oTBOpoM (5), SIKHi
BUKOHYE POJIb KaIIOpOBaHOTO AU(DY3IHHOTO OTIOPY.

droporuiactoBi Aladparmu 3 nopucTicTio 50 % roTyBaiM 13 CyMIll XJIOPUIY
amMoHIf0 3 mopoinkoMm ¢roporacty DPT-4 y o0’emHux cmiBBigHOIIEHHSIX 1:1.
HaBaxxy cyminn npecyBanmu npu tucky 150 klla Ta mposkaproBaiu 3a TeMrnepaTypu
420 °C mpoTIrom roJIMHU.

KpimnenHss 9yTamBOro eneMeHTy B KOPIyci MPOBOIUIN 32 JOIIOMOTO0 JUCKY
B mienekTpuka (13), repmernsyrounx rymoBux Kiutenp (15), MonTaxknoi miaru (16) 1
cronopHoro Kuteisd (17). CtpyMoBinBoau 3’ €aHaHi1 31 mrekepamu (18) Ha MOHTaKHII
TUIaTi, 10 SKKX Min’ € HyBaiy 30BHiHI npuctpoi (19, 20).

JlocmimkeHHS KOMIPOK Ta BHIPOOYBAaHHS ENEKTPOXIMIYHHUX IIPUCTPOIB

MIPOBOIMIIA HAa YCTAHOBIII CTATHYHOTO JO3YBAHHS.
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1 P 3 4  1-kopmyc; 2 — qudy3iiHuil OTBIp;
3 — nopucrta giapparma; 4 — 3axucHa
CITKa 13 HEp>KaBIOUOi CTaIL;

- T Mo 5 — nuysiiinnit kanax;
m%’;‘:‘“g 6 — proporIacToBMii TUCK;
P e L T T . o
T fiz 7, 11 — nomernnenoBa 000iMa;
ot > . .
- &5 8- po6oq1m CIeKTPOL; 9 — cemaparop;
S 10 — nonmoMbkHUI enekTpoa; 13 — nuck
13 JieNeKTpuKy; 14 — TuTaHOBUIA
CTPpYMOTIIBIT; 15 — TYMOBE KUIBIIE;
16 — moHTaxHa 1u1ata; 17 — ctomopHe
KutbIle; 18 — mrekepu;
7:_ 18 19 - MiJIiBOJIBTMCTp;
20 19 20 — HaBaHTaXyBaJIbHUN PE3UCTOP
=]

Puc. 2. J[BoeneKkTpoIHUM IPUCTPIA Ta cXeMa MTKIF0YSHHS

2. Pe3yjbTaTH eKCIIEPUMEHTY Ta iX 00roBOpeHHS

Bubip monuteHOI 10 BUNpPOOYBaHHS MEIIATOPHOI CUCTEMH MPOBOIWIM Ha
MICTaBI TITOTE3H, 0 OJHUM 13 IIUIAXIB MPUCKOPEHHS EIEKTPOXIMIYHOTO MPOIIECY €
BBEJICHHS B PO3YUH CICIIAILHOI PEYOBHHM 3 METOI0 3MIHM CTaHy MOBEPXHI
CIIEKTPOTY 1, BIIITOBITHO, HOTO €JICKTPOKATATITHIHUX BJIACTUBOCTEH.

MeniaTopHi CUCTEMH, SIKI MOKYTh OyTH MPHUIATHUMH JIJIT OKUCHEHHS TIOKCUTY
cynmbdypy, MOBUHHI MaTH JOCTATHIA OKWUCHHUW TOTEHINAN JUIA peami3aiii OKHCHO-
BITHOBHOTO TIEPETBOPEHHS Ta 3HA4YHy IIBUAKICTE €IEKTPOJHOTO TIPOIECY
pereneparii Memiatopa. [Ipu boMy cTaOUTLHIMHU MaIOTh OYTH SK CaM MEIIaTop, TaK
1 floro iHTepMerdiaT. TakuMu MemiaTopaMu MOXKYTh BUCTYNHTH OKHCHO-BITHOBHI
cuctemu: Fe?*/Fed*, Cut/Cu2t, Cr3*/HCrO4, Bro/BrOs, /105 Ilpu peanizarii el
imei HeoOXITHO BUKITIOYMUTH MOJKJIMBICTh YTBOPEHHS IHTEpMEMIaTIB Ha JOTIOMDKHOMY
SNIEKTPO/I1 M Yac mepediry CHIpsuKeHUX eNeKTpoAHuX mpoleciB. Lle MoxmuBo 3a
YMOBH, KOJIM TOTEHINA €IEKTPOJHOTO MPOIIECy, 10 Tepedirac Ha TOMOMDKHOMY

€JIEKTPO/I], TMEpeBaXae€ €JIEKTPOJHUM TMOTEHI[lAl MEIIaTOpHOi cucTeMu. Sk
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JOTIOMDKHUN €JIEKTPOJI BUKOPUCTOBYBAJIM TIOKCHUJAHOMAHTOBHUM €NEKTPOJ, SKOMY
MpUTaMaHHl Maja TOoJIpH3amis 1 JOCTaTHRO 3HAaYHA BEIWYHMHA EJIEKTPOJHOTO
MOTEHITIATY.

AHan3 TepMOIUHAMIYHOT WMOBIPHOCTI BUKOPHCTAHHS Ha3BaHUX MEIIaTOPHUX
CHCTEM TPOBOJWIM 3 BUKOPHCTAHHSIM 3aJISKHOCTI «IOTeHIian — pH» (miarpamu
[lyp6e) [12-14], ski HaBemeHi Ha puc. 3, 4. BigmoBimHo 10 puc. 3, a, TIOKCHUA
cynmbdypy MO’KE€ OKHCHIOBATHCH 3a IPHUCYTHOCTI MIOKCHIY MaHTaHy B YChOMY
niarma3zoHi pH 3 yrBopeHHSM Tinmpocynsdarie ado cymedaris. [Ipu mpomy miokcua
MaHTaHy BITHOBIIOETHCS 10 Mn?* um MnyO3; 3a pH>3,2. Tomy y Bumaaky
3aCTOCYBaAHHS JIOIMIOMDKHOTO eIeKTpoAy i3 miokcuay manrany cuctemu Cr3t/HCrOy,
[,/103 Bra/BrOs MoXIMBO 3aCTOCYBaTH B CHIILHOKUCIMX po34yuHax 3a pH <-1, pH <
-0,2, pH < 1,4 BignoBinHO, 1m0 chigye 3 puc. 3, 6, B, Ta puc. 4, 6. Jna cuctemu
Cu*/Cu?* 3a pH<-0,2 HEMOXJIMBUM € OKUCHEHHS IIOKCHUIy Cyabdypy (puc. 3, 1), a
cuctema Fe?*/Fed* mpunmarHa st OKUCHEHHS AioKcuay cyinbypy Titbku no pH<2,5,
ToMy 1110 3a OuthbIX pH yTBOprotoThcs ManoaktuHi popmu Fe(Ill) (puc. 4, a).

Peanizauiss ctpymy okucHeHHs SO; moTpeOye BUKOPHUCTAHHS BIIMOBIIHOTO
po00YOTO €neKTpoIa. Y OUIBIIOCTI BUNAAKIB 111 BU3HAYEHHS JIOKCUAY CYIb(pypy B
EJIEKTPOXIMIYHUX TPUCTPOSIX BUKOPUCTOBYIOTHCS €IEKTPOJIHI MaTreplajay Ha OCHOBI
IUIATUHOBUX METAJIB, SIKl € YHIBEPCAIbHUMH KaTal3aTOpaMH, HI0 YCKIAJHIOE aHAJI3
CKJIQIHUX Ta30BUX OO0’€KTIB, TAKMX K BUKUAM TEIUIOCHEPTETUYHUX Aarperarib.
3BakarouM Ha MOINepeaHbO 00paHMii MOTEHIIAN 1 MaTrepiai JOMOMDKHOTO €IeKTPOa,
a TAKOX Ha KUCJIOTHHUH XapakTtep SOz, MOKIMBO BUKOPHUCTAHHS OKHCHO-BITHOBHUX
CUCTEM, B SIKMX 3a 3MiHM pH BinOyBaeThCsl 3MIIEHHS MOTEHINANY E€JIEKTPOXIMIYHOT
CUCTEMH, III0 B aMIIEPMETPUUYHOMY pEXKUMI poOOTH ceHcopa (3a MOCTITHOTO

MOTEHIIATY POO0UYOro eIeKTPOoga) MPU3BOIUTH J10 MOSBU €JIEKTPUUYHOTO CTPYMY.
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Puc. 3. Cymimenns niarpam noteHmian—pH s ominku MoxkimBocTi okucHeHHS SO;
IIpY 3aCTOCYBAHHI y TOMIOMBKHOMY enekTpo i MnO; (a) Ta BUKOPHUCTaHHI CHCTEM
MEIaTOPHOTO KaTajai3y Ha OCHOBIL: 0) OpoMy; B) HOy; T') Mifi.
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Puc. 4. Cymimienns niarpam noteHmian—pH s ominku MoxkimBocTi okucHeHHS SO;
IIPY 3aCTOCYBaHHI y TOTMIOMDKHOMY ellekTpo i1 MNO; Ta BUKOpUCTaHHI CUCTEM
MEJIAaTOPHOTO KaTajli3y Ha OCHOBI: a) 3aJ1i3a; 0) XpoMmy.

Benmmumnna 115010 CTpyMy, CIIPSIMOBAHOTO HAa BUPIBHIOBAHHS MaTepialbHOTO Ta
EHEPreTUYHOr0 OalaHCy B EJIEKTPOXIMIYHIA CHCTEMI, Mae OyTH MPONOPIIHHOIO
koHIeHTpamii SOz 3 ypaxyBaHHSIM HOPSAKY BIIMOBIAHOI CTPYMOBHU3HAYAIbHOI
peakmii. Ik pH-uyTIMBY OKMCHO-BITHOBHY CHCTEMY MOKJIMBO BUKOPUCTATH OKCHUJ
MeTaly, sSIKUid 00OPOTHO BCTYIIA€ B PEAKIIIIO 3 I0HAMU TIPOKCOHIIO

MenOn(OH)k + H* + € =MenOn(OH)k1 + H,0,
10 YTBOPIOIOTHCS BKE HABITh NMpHU adcopOuii ado aAucolialii BU3HA4yBaHOTO razy
SO, + H,O — HSO3 + H*.

VY takomy Bunanky pH-uytnuBa cuctema Oyne QyHKIIIOHYBATH K CIIPSIKEHA 3
OKHUCHO-BITHOBHOIO, 1[0 Ma€ MiABUIIUTH CTAOUTLHICTh (PYHKIIOHYBaHHS poOOYOTO
enektpoaa. Ilpu mpbomMy okcua Ha poOOYOMY e€NEeKTpoAdl, SIKMil Oepe y4yacTb B

CNIEKTPOXIMIYHOMY  TNIEPETBOPEHHI, Ma€  pereHepyBaTHCs  XIMIYHUM  a0o
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CIIEKTPOXIMITHUM OKHCHEHHSM 3a PaxyHOK IHINOI OKHCHO-BITHOBHOI CHCTEMH.
OcTtannst Moxxe Oyt sk pH-3anmexxHor0, Tak 1 pH-He3anmexHo10, ¥ TpyHTYBaTHCS Ha
CITOKMBaHHI aTMOC(EPHOTO KUCHIO a00 IHIIOTO OKHCHHUKA.

Takum 9uHOM, POOOYHNI €JIEKTPO MA€E MICTUTH MEAIATOPHY PEIOKC-CUCTEMY,
sAKa TIEPIIOI0 BCTymae y B3aemonairo 3 SO, 3a ganumu puc. 3-4, ONTUMAIBHOIO
cuctemoro Moxke Oyru Br/HBrOs;, sika y mporieci MIKHCICHHS €JICKTPOJITY MpH
abcoporii SO, yTBOpIOE Tin Ai€l0 KUCHIO BUTbHUN Bry. OctanHild, y CBOIO Uepry,
okucHIOE SOy, MICIS YOTO CaM OKHUCHIOETHCS Ha €IEeKTPOl, TOOTO BHUKOHYE POJIb
MeaiaTopa. BiIMmoBimHMIA pPO3YWH EICKTPOdITY Oa3yeTbcs Ha OpoOMImi JNTIHO 3
n100aBKOI0 Opomary Kajiro. ToJl APYyrorw peaoKc-CUCTEMO0 poO0YOro €leKTpoa
Ma€ CTaTU AIOKCH]l PYTEHil0 ab0 MaHraHy, sKi, OyJy4ud HaHECEHHMMH Ha TUTAaHOBY
OCHOBY, MalOTh MIITPUMYBATH PETEHEPAIlII0 MeIiaTopa 3a CIPSIKEHOIO PEAKITIEI0

MeO; + H* + e - MeOOH.

Perenepariis MnO; mae BinOyBatucst npu 3HUKHEHH1 SO, 3a paXyHOK TPEThO1
OKUCHO-BITHOBHOI cuctemMu — okucHeHHs MeOOH 10 MnO; kucuem nosirps. [lpu
IbOMY TOTEHI[AJI TAaKOTO eNeKTpoJa € TakoXK pH-uyTIMBUM, WO MiIBHIIYE
CTaOUIbHICTh MOTO (DYHKI[IOHYBaHHS.

Bynu BUTOTOBIIEHI [BOENEKTPOJHI KOMIPKH, B SKUX pPO0O0Yl €IeKTpOoAu
BKiroyau 0,2 T MOPOIIKY TUTaHy, aKTUBOBAHOT'O JIOKCHUJOM PYTEHIO (5 Mr Ta 75 mr
RuOy/r Ti). lonoMbKHUN eNeKTpoj MICTUB cyMill 6,5 r mopouky Tutany, 0,4 r
niokcuny manrany mapku EJIM-2 1 mo 0,1r cunikaremo ta rpadiry. Enexrpoau
PO3AUBIIM TiAPO(DUILHUM CenaparopoM, IO CKiIajgaBcs 13 cymimn nopoikis 0,1 r
cunikareno i 0,2 r gropormiacty (puc. 1). Komipku npocodyBanmm eneKTpoJITOM Ha
ocHOBI 4 moub/11 po3unny HClO4, 10 sxoro O0ys0 BBEJEHO CKIIAJ0BI MEIIATOPHUX
CUCTEM, IPUYOMY ITOYATKOBA KOHIIEHTPAIlisI OKUCHEHOT POpMHU MemiaTopa CTaHOBUIJIA
0,1 mosb/n. B sikocTi MemiaTopiB 00paHO OKHCHO-BiTHOBHI cuctemu: Fe?t/Fedt |
CI’3+/HCFO4', BI’z/BI’O3', 12/|03'

Po3unH mnepxyoparHOi KHCJIOTH, IIO0 MICTUB OpomaT HaTpilo, 3 YacoM
3a0apBHUBCS B JKOBTUW KOJIp 4epe3 BUAUICHHS BUIBHOTO OpoMy, TOMY MOJaiblle
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OOCIIKEHHS Iiel CUCTeMH € HemouutbHuM. Po3uwmam Ha ocHOBI depym (1)
xmopuny, xpoMm (IV) okcumy Ta Harpiii HomaTy BUSBWIMCS cTaOuUbHUMU. [licis
NPOCOYYBAHHS Y BUIIE3a3HAYECHUX PO3YMHAX YYTJIHMBI €JIEMEHTH MOHTYBAIA B
KoprmycH YHI(pIKOBaHOT cepil €NeKTpOXIMIMHUX Ta30BuX ceHcopiB (puc. 2). Ilicms
MOHTAXY €JIEKTPOAH MPUCTPOIB 3aMKHYJIN Ha HABAHTAXXYBaJIbHHUI OIIP BETMUHHOIO
100 OMm, mpu mpoMy dYepe3 KOMIPKM NPOTIKAB 3aTryxaroduid (OHOBUU CTPYM,
BUKJIMKAHUN PI3HUICIO CIEKTPOJHUX TOTEHIATB po0O0Y0oT0 1 JOMOMDKHOTO
enekrpofiB. Haiimenie 3Hauennst GoHOBOTO cTpymy (MeHIe 1 MKA) crocTepiraiu
JUIST KOMIPOK, TTPOCOYEHUX PO3YMHOM MEPXJIOPATHOT KUCIOTH 3 J0OaBKOIO HoAaTy
HaTPIIO.

Ha puc. 5 ta 6 nmpuBenena 3MiHa BUXiTHUX CUTHaIB KOMIpok 13 T1/RuO,-
SNEKTpOaMH y dYaci mpu mojadi moBitps 3 BmicToMm 240 ppm SO,. Otpumani
pe3ynbTaTH CBig4aTh, IO BBEICHHS MEIIATOPHUX CHCTEM J0 4 MOJIB/JI PO3UHHY
HCIO4 no3Bonsie ctabuni3dyBaTU BUXIIHUNA CUTHAJI MPUCTPOIB — 0€3 BUKOPUCTAHHSA
MEMIaTOPHOI CUCTEMH BUXITHUM CTPYMOBHM CHUTHAJ MPUCTPOIO MM JI€I0 TIOKCHIY
cynbdypy HBHUAKO JerpanyioTh (puc.5, kpuBa 1). HailOiibim 3HaYeHHST CTPyMiB
OKHCHEHHS JIOKCUAY Cyabpypy croctepirammch aisi MemniatopHoi cuctemu [/103,
10 [UIKOM Y3TOJI)KYETHCS 13 MPOTHO3HUMU JTaHUMHU (puc. 3-4). [loBUTbHMIA BUXid Ha
CTajle 3HAUEHHs CTPYMOBOIO CHUTHAIy I 4Yac MNEpIIoi Mojadi ra3oBoi cywiu i3
BMicToM SO, TOB’S3aHO 13 HEOOXITHICTIO BCTAHOBJICHHS TIEBHOI PIBHOBAKHOI
KOHIIeHTpalii [ B po34yuHL

OkpiM TOro, BEIMYUHMU BUXIAHUX CUTHAIB 3aJ€KaTh BiI BMICTY MIOKCUIY
pyTeHiIo B poOouoMy enekTpoal. 3okpema, miiBuiieHHs BMicTy RuO, B pobouomy
eJIEKTpOa1 BiT 5 Mr 10 75 Mr Ha 1 T TUTaHy 103BOJIsi€ 30UTIIMTH Mailke B TpU pa3u
BUXIIHI CTPYMOBI CUTHAJIM KOMIPKH 0€3 3aCTOCYBaHHS MEIATOPHO1 CUCTEMH (puc. 0,
kpuBa 1) Ta 3a0e3meyuTH iX OUIBIIYy CTAaOUIbHICTh, LIO MOB’SI3aHO 13 OUILIIOIO
3aIIOBHEHICTIO TMOBEPXHI E€IeKTpOJa KaTATITHIHUM IOKPHUTTAM Ta WOT0 BHIIOIO

CICKTPONPOBITHICTIO. B KoMipkax i3 memiaropHoto cucteMoro I/103 crmoctepiramu
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30UThIIICHHS MBUIKOCTI OKUCHEHHS TIOKCUAY CYIb(YpY Ta 3MEHIIICHHS 9acy BUXOIY

Ha yCTaJleHE 3HAYEHHS BUXITHUX CTPYMOBHUX CUTHAIIB.

I I I

MEKA
10

50 3

o 4 8 12 16 20 24 28 3 36 aowl0ic
Megniatopu: 2 — Cr3*/HCrOy4 ; 3 — Fe?t/Fe3*; 4 — 1/105

Puc. 5. 3MiHa BUX|THUX CUTHANIB IPUCTPOIB TAJIbBAHIMHOTO TUITY B Yaci 3
TIOKCHIHOPYTEHIEBUM eaekTpoaoM (SMr RuOy/r Ti) B 4 moas/n po3unni HCIO, (1)
Ta 3a MPUCYTHOCTI B HhOMY MENIaTOPHUX cucTeM (2-4) 3a koHueHTpaui SO, 240ppm

AT

200

100

0 4 8 12 16 20 24 28 32 36 a0 T,°10%¢
Meniaropu: 2 — Fezt/Fe3*; 3 — Cr3*/HCrOy4 ; 4 — I/105

Puc. 6. 3MiHa BUXiTHUX CUTHAIIB MPUCTPOIB rajbBaHIMHOTO THUITY B 4aci 3
JTioOKCUIHOPYTeHiEBUM elleKTpoaoM (75mr RuOy/r Ti) B 4 Mo/ po3unni HCIO, (1)
Ta 3a MPUCYTHOCTI B HLOMY MENIaTOPHUX cucTeM (2-4) 3a koHueHTpaui SO, 240ppm
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3. BucHoBKH

[IpoBemeHO MOCHUKEHHS TPOIECY OKHCICHHS TIOKCUAY Cyabdypy Ha
TUTAHOBOMY €JIGKTPOJI, aKTHBOBaHOMY okcuiaoMm pyteHito (IV), B po3uwmHi
IEPXJIOPAaTHOT  KHUCJIOT 3a MPUCYTHOCTI OKHCHO-BITHOBHUX cHcTeM: Fe2t/Fedt,
Cr3t/HCrO4, I,/105. Jlns mopoIiKy TUTaHy, akTHBOBAHOI'0 OKCcHaoM pyTeHio (IV)
(75mr RuO2/rTi), BBeneHHs 10 (OHOBOTO EIEKTPOITY pemokc-cuctem Fe2t/Fedt
Cr3*/HCrOy, I'/HIO3 npu3Boauth 10 cTabum3aiii MmBUAKOCTI OKUCHEHHS SOy, sKa
I gaHuxX cucteM ctaHoBUTh (0,36 MkA/ppm, 0,4 MxA/ppm T1a 0,95 MkA/ppm
BIIMOBIMTHO. 30UTHIIICHHS 3aKIa ki OKCUAy pyTeHito (IV) B kaTamiTHIHO aKTUBHOMY
marepiam 3 0,5 mr go 75 Mr RuOy/r Ti nmpu3BoAuTh A0 30UIBIICHHS IIBHIKOCTI

okucHeHHs1 SO, y Maiixke J1Ba pasu.
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ELECTROCHEMICAL OXYGEN SENSOR FOR THE AQUATIC
ENVIRONMENT

Pichkorskyi V.I., Buket O.I., Linyucheva O.V., Kushmyruk A.1.,
Kosogin O.V.
National Technical University of Ukraine ““Igor Sikorsky Kyiv Polytechnic Institute”,

Kyiv, Peremogy av. 37, 03056

An electrochemical two-electrode oxygen sensor of amperometric type for aqueous
medium based on the Clark element has been developed. The sensor has axial
symmetry. The sensor features a working electrode made of silver-plated copper
wire, which is wound around a lead counter electrode. The insulator between the
electrodes is a hydrophilic separator. The sensor is spontaneously impregnated with
the solution to be analyzed in 15 minutes. The duration of the transition process is
about 6 minutes. It is shown that in the presence of a membrane that limits the
diffusion of oxygen, the sensor signal is determined mainly by the oxygen
concentration and not by the electrical conductivity of the liquid medium.

Keywords: ammetric oxygen sensor; aqueous medium; lead anode; silver cathode;
simplified design.

EnekTpoxiMIYHUN CEHCOP KUCHIO ISl BOJAHOTO CEPEeI0BUINA

[Tuxopcekuii B.1., bByker O.1., Jlintouera O.B., Kymmupyk A.L,
Kocorin O.B.
Hayionanvnuu mexuiunuu ynisepcumem Yxpainu “Kuiscokutl nonimexuiunut

incmumym im. leops Cikopcovkoeo”, Kuis, np. Ilepemocu 37

CydacHuil IHTEHCUBHUI arpoNpOMUCIIOBUN KOMILUIEKC BUMAarae KulbKICHOTO
BHU3HAUYEHHS BMICTY KUCHIO Y BO/JIl CTAI[IOHAPHUMHU ¥ MOPTATUBHUMU NPWIAJAaMH MPU
BUPOIUIYBaHHI BOJHUX POCJMH 1 TBapWH. 3aBASKU LbOMY 3a0€3MEUYETHCS BUCOKA
peHTa0enbHICTh BUPOOHMIITBA. J(OBOAMTBCS KOHTPOJIIOBATHU BOJM PIZHOTO

NOXO/KEHHSI B PIBHOMAHITHUX KJIIMaTHUYHMX YyMOBaxX MpU BaplaTUBHOMY BMICTI

169



IMIUPOKOTO CHEKTPY PO3UYMHEHHX PEYOBHH 1 KoJOimB. lle 3ymMOBIrOE MOCTIHHY
pO3pOOKY HOBHX Ta BJOCKOHAJICHHS ICHYFOUMX KHCHEMIPIB, IPUIOMY, Ha CHOTO/THI
riepeBara BiIAAEThCA OUTHIN CKJIAJHUM CHCTEMaM, 3aCHOBAaHMM Ha oNTHYHHX [1] Ta
CIEKTpOXIMIMHUX mpuHIMnax [2]. Ilpote 3aragpHOBiZOMa JABOECICKTPOJHA
enekTpoxiMigHa cucteMa Kmapka (mmatnHa — Bogamid po3unH KOH- cBunerns) He
BTpaTHjIa Ha ChOTOHI CBO€E] aKTyaJTbHOCTI ITICIIST ASSIKUX MO (IKAIIii.

Merta po6oTu: Moau(pIKyBaTH 3aralbHOBITOMHI JTBOEICKTPOHUN CEHCOp 31
CBHUHIICBM aHOJOM Yy HaNpsSMKY 3JICHICBIICHS 3aCTOCOBAHUX MaTepiajiB, YCYHCHHS
CIICHIATEHOTO €JIEKTPOJITY 1 30UThIICHHS TEXHOJOTTIHOCTI, a TAKOXK JTOCTITUTH HOTO

OCHOBHI XapaKTEPHUCTHKH.

1. MeToauka eKcriepUMEHTY

Jlocmiau mMpOBOIMIAM 3 3aCTOCYBaHHSM JBOENEKTPOJAHOT KOMIPKH, SKa
BIUIPBBHAETBCS BII 3arajlbHOBITOMOTO eneMeHTa Kiapka gemeBImM poOodYnM
CIIEKTPOJIOM 3 TOCpiOaeHOro MimHoro napoty giamerpom 0.1 MM Ta OCBOBOIO
CHMETPIETO, K TTOKa3aHo Ha puc. 1.

Po3pobiennii ceHcop KHUCHIO € IPOCTUM Yy BUTOTOBJICHHI, OCKUIBKH POOOYHIA
enektpona (1) HaBUBAEThCA Ha IWIHAPWYHUNA CBUHIIEBUN aHOJ (2) MOBEpX IIapy
rimpodiuteHOTO OpHUCTOTO cenaparopa (3). Binm oTodyrouoro cepenoBuiia eneKkTpoan
KOMIPKH I30JIFOFOTHCS TIPOHUKHOIO JUII KHUCHIO MeMOpaHoio (4) 3 TOJIMEPHOTO
MaTepially, HampUKIaa, MOJECTHICHOBOI IUNBKUA TOBIIMHOIO 50 MkM. MemOpany
HaBUBAIM TMOBEPX POOOYOTO €JIeKTpojJa y ABa o0epTH il (IKCyBa MOJTIMEPHUMH
3araymkamMu (6), Kl 3aKpIUTIOBAIM PO3IUIABICHUM MOMINporniieHoM. [lo KOHTakTiB

(5) npueaHy€eTHCS MIKpOAMIIEPMETP.
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Puc. 1. Cxema ceHcopa KHCHIO Il BOJHOTO cepenoBuina: 1 — po6ouuit enexkrpon; 2
— JIOTIOMDKHUM €1eKTPOI;

CTPYMOTIIBOAN; 6 — TOJIMEPHI 3aTTyIIKH.

Ha Binminy Bin enemenrta Kiapxka [1], po3poOiieHnii ceHcop creriaibHUM

Enextpomir

CIIEKTP OJIITOM

B IIOIICPpEaAHBO

IPOHUKAE

POCOYYBaBCH.

HE

OpWIATaHHs  MeMOpaHHu.

HEIUILHOCTI

qyepes

KOMIPKY

rigpodutizoBany

INopodinizamis MpoBOAUTHCS TPOCOYCHHSIM BOJOTIHHOI BOJOI 3 HACTYIMHUM

BUCYIIyBaHHSIM M 3aBepIIyeThCA 3a 15 XB MIC/sl 3aHYPEHHSA CEHCOpa B JOCIIIHE

CepeI0BHIIIC.

Cencop 3aHyproBaM Ha TMOUHY OUTbIie 50 MM B BOJHUN PO34YKH 00’ €eMoM 1

, ¥ Ky TI0JIaBaJId TIOBITPsI 200

1 TepMETUYHIN KOMIpIIl 3 TIAPO3aTBOPOM

[

M3 B CKIIIH

aproH i 6apOoTtaxy. bapboTtep po3minnyBanu Bulle piBHA ceHcopa Ha 30 MM.
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BumiproBaHHS MOTEHINIAy CBHHIIEBOTO JOTIOMDKHOTO €JIEKTPOJa BITHOCHO
XJIOP-CPIOHOTO €JIeKTpO/aa MOKa3aJu BIIXWICHHS HOT0 MOTEHIIATY I CTPYMOM Bif
CTaIllOHAPHOTO 3HAYEHHs He Outbie HDK Ha 2 MB mpm ctpymax 10 200 MKA y BCixX
BHUKOPHUCTAHUX po34yuHaX. T0oOTO, JOMMOMDKHUHN €JIEKTPOJ € MaJOTOJIIPU30BAHUM 1
JI03BOJISIE€ IPOBOJUTH KOPEKTHI JOCIIKEHHS Y IBOCIIEKTPOTHOMY PEKUMI.

Hocaigu mpoBeneHo mpu temmeparypi 21 °C okpiM cremiaJbHO O3HaYeHUX
BUIAKIB.

2. Pe3yabTaTi €KCIIEPUMEHTY Ta iX 00roBOpeHHS

Cencop HaBenmeHoi Ha pwuc. | cXemu crmepily BUIIPOOOBYBa 0e3

MOJTIETUIIEHOBOT MEMOpaHH.

MKA | o Ar ' air
12 |
0,91 |

I
0 1 1 S 1 1 ] ]
0 1000 2000 3000 4000 5000 6000 T,C

Puc. 2. [lepexinHa XapakTepHUCTHKA CEHCOPaKUCHIO 3 PpOO0YNM enieKTpoaoM 140 MM
6e3 moJiMepHOi MeMOpaHH y NIUTHIM BOJOTIHHIN BO/I

[Ipu edexTuBHIN MOBEpXHI POOOUYOro €IEeKTPOJa, SIKa BIANOBIIAE IPOTHHI
noBxuHoto 140 MM, y BOJOTIHHIA BOJ1 3 KHiBCHKOI MEpeXi CEHCOp TeHepye
CTPYMOBHMM CHUTHaid BIiANOBIIHO 1O MEPEXITHOI XapaKTEpUCTHUKU 3 pPHUC. 2, 1€

TPUBATICTh MEPEXITHOTO TMporecy Ty (Buxim Ha 90 % crTanoro curHamty) Ha TOSIBY
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KHUCHIO TICJII aproHy CTaHOBHUTH 295 ¢ A mepuioro mycky nositps. s apyroro
MYCKy TOBITPS aHAIOTTYHO BHU3HA4aeEMoO Tgo = 177 c. Ilicis KutbKapa3zoBOIo
“TpeHyBaHHS~ CEHCOpa BIIMOBITHO 10 METOJIMKH 3 PHC. 2 TPUBATICTh MEPEXITHOTO
IpoIIeCy 3HWKYEThCA 10 mpubam3no 150 ¢ (Ha puc. 2 He HABEACHO).

KopucHuii ananiTnaHnid CUTrHaI Ha puc. 2 cTaHOBUTH 11,4 MKA nipu hoHOBOMY
cTpymi 3a OapOotaxy aprony 0.6 MxA. JlaHuil curHaji BIINOBITA€ KOHIEHTpAILii
HAaCUYEHHS BOJAM KHUCHEM TMpu Horo mnapuianbHoMy THCKY 0.20610.006 aTtMm.
Bemnunna noxu6ku 10.006 atM BigmoBinae KOJMBAHHSIM aTMOC(EPHOTO TUCKY B
Mexax MeHie 13 % HaBKOJIO HOpManbHOTO Jiisi KueBa 3HaueHHs 745 MM pT. CT.,
T0OTO, B Jiama3oHi Oau3bKO 725...765 MM pT. CT., SKHH 3 3amacoM BKJIFOYAaE BCI
MOJKJIMBI 3MIH 0apOMETPUYHOTO TUCKY B Mexkax KreBa 3a Oy/ib-sKO1 IMOTOIH.

IIpoBenmu cepito €KCIIEPUMEHTIB JIJII BU3HAYEHHS BIUIMBY IUIOII ITOBEPXHI
po060YOTO ENEKTPO1a Ha BEJIMUUHY CTPYMOBOTO CHTHAIY, JI1 YOT'O0 BUIIPOOOBYBAIN
10 JBa CEHCOPH 3 JOBXKUHOIO po00OYOro eneKkTpoja (HaBUTOTO HA JTOTIOMDKHHIMA
CBUHIIEBUN €NEKTpoJi noBepx cemaparopa) 220, 440 ta 660 MM 3a METOJMKOIO
BIINOBITHOIO pHC. 2. PoOoumil enekTpoa MOTPIAHOI MOBKHWHHA BUTOTOBIISIN
NOMEPEIHbO CKPYTHBIIM TPU JOPOTHHKH B OJHMH KaHAaTWK. Pe3ynpTatd TphoX-
JOTHUPHOX BUMPOOYBaHb YCEPEIHUIN 1 TTogau B TaoI. 1.

3 1abn.l BUOHO, IIO CTPYMOBI CHTHAJIM CEHCOPIB B IIEHTUYHUX YMOBaX €
OpsIMO MPOTMOPIIHHUMH IO POOOUYOro eJIeKTPoa, 0 MPSMO BKa3ye Ha afeKBaTHE
(YHKIIIOHYBAHHSI €JEKTPOXIMIYHOI KOMIPKM 3a YMOBHM MajOi HOJIIPU30BAHOCTI
JOMOMDKHOTO €JekTpoaa. 3 Tabn.l Tako)X BHUJIHO, IO HABUBAHHSI POOOYOTO
€JIEKTPO/ia OJHIEI0 JIPOTUHKOK YM KAaHAaTUKOM MAaJI0 BIUIMBAE NPONOPUIAHICTH
CUTHAITy 10 IOl NoBepxHL Jlesike 1i 3HMKEHHS IPU 3aCTOCYBaHH1 KAHATUKA MOXKE
OyTH 1MOB’ sI13aHE HE CTUTLKU 3 CAMOEKPaHyBaHHAM MO0 MOBEPXHI, SIK 31 30UIbIIEHHAM
BIICTaH1 MDK YaCTHHOIO MOBEPXHI poOOYOTro eNneKTpoa i CBUHIIEBOTO aHOJa, 10 B
YMOBaxX HHU3bKOI €NEeKTPOIMPOBITHOCTI CEPEJOBHUINA CYTTEBO BIUIMBAE HA BHECOK

OMIYHOT'O OTIOPY B T€HEPYBaHHS CUTHANY.
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Taoa.1. JloBxuHu 1 c1OcOOy BUTOTOBIIEHHSI PpOOOYOTO €JIEKTPO1a Ta HAABHOCTI
MOJTIETUIICHOBOT MEMOPaHH Ha CTAIlIOHAPHUN CUTHAII CEHCOpa
y BOJOTIHHIN TTUTHIA BOII

o = AmnantuyHuil curdai (6e3 GoHOBOTO), MKA
5 =
E :.g* Po6ouwnii enektpon | PoGounii enektpon Po6ouwnii enekrpon 660 MM
= 2 220 MM 440 MM (KaHATHKOM)
e 4.5 8.2 11.1
HEeMae 21.1 40.0 55.7

3acToCcOBaHa MOJIETWIEHOBA MEMOpaHa CHOBUIbHIOE AU(PY3IMHUNA TPAHCIIOPT
KHUCHIO Y NMPUOIM3HO I’ ATh pa3iB. [Ipu oMy, BTHOBJIEHHSI KUCHIO Ha poOOYOMY

EJIEKTPO/I1 32 PEAKLIEI0

02 + 2H,0 + 4e-= 40H-

CYIIPOBOKYETbCA HiZ[BI/IHleHHSIM pH, d OKMCHCHHS CBHUHIIIO Z[OHOMi)KHOFO CJIICKTPOa

1€ 10 YTBOPEHHSI MAIOPO3UYMHHOTO TIIPOKCUAY
Pb + 2H,0 = Pb(OH)..

HasBHicTh MeMOpaHu 103BOJISIE OUYIKYBaTU MOBHE YTPUMAaHHS YTBOPIOBAHHMX
TIIPOKCWI-IOHIB (T1IpaTOBaHUI pajilyc SKUX OUIbIlE MOJIEKYJIM KHUCHIO) B MeXax
eJIEKTPOXIMIYHOT KOMIPKHU, 3aBASIKM YOMY I0OHM CBHUHIIO MarOTh TIIpOJI3YBaTH HE
BUXO/ISIYM B OTOUYIOUE CEPEAOBUIIE i HE MAIOTh HOTO 3a0pyIHIOBATH.

3a HasBHOCTI 3aCTOCOBAaHOI MEMOpaHW TPUBATICTh MEPEXITHOrO MPOLECY
“TpeHoBaHOro” naruukaspocrae 10 350 c. 3aranom, MOKHaA CTBEPKYBATH, IO TakKa
MeMOpaHa € JOIUIbHUM 3aco00M ISl  HIBEJIOBaHHI BIIMIHHOCTEM  MDK

aHAJI30BaHUMHU BOJHHMH CEpPEJOBUIIAMH, OCKUIBKM CHOBUIbHEHHS HEwo Iudysii
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KACHIO MaThMe TepIIOYEepPrOBUi BIUIMB HA BEIMYHMHY CTPYMOBOTO CHUTHATY
MOPIBHSHO 3 €JICKTPOIIPOBITHICTIO PO3YHHIB.

BunpoGoByBanHS po3p00JEHOTO CEHCOpa B BOJHHUX PO3YMHAX 3 PIZHOTO
XIMITHOTO CKJIaay HaBeAeHl y TaOJ.2, MOpIBHSIHHSA JaHUX SKOi 3 JOBIIKOBHUMU
BJIACTUBOCTSIMH OOpaHMX €JCKTPOJITIB BKa3ye, IO Ha BEIUYHUHY CTPYMOBHX
CHUTHATIB OUIBIN BIUIMBAE HE iX CIEKTPOIMPOBIIHICTh, & BIUIMB €(PEKTy BHCOIFOBAHHS

ra3iB Ha KOHIIEHTPAII0 KUCHIO y PO3YHHI.

Tao6ua.2. Crauionapuuii curnan ceacopa 3 440 MM poG0OYUM €IEKTPOIOM 1
MeMOpaHOI0 Yy PO3UMHAX PI3BHOTO CKIIaIy

No DJIEKTPOJIT Cwurnan ceHcopa,
1 HaliMEHYBaHHS KOHIIeHTpatisi, M MKA
2 BO/Ia IIMTHA BOJIOTIHHA - 8,2
3 OILITOBA KHCJIOTA 0.05 12,2
4 HATpIIO TiApoKapOoHar 0.05 11,5
3) HATPIKO XJIOPUL 0.05 6,3
6 HATPIIO XJIOPHU]T 0.51 (30 r/m) 4,7
7 HATPIIO XJIOPHU 5.1 2,0

[IpoBeneni TemmepaTypHi BUIPOOYBaHHS, 3a SIKUX CEHCOpP PO3MILlyBaIU Y
NMUTHIA BOJOTIHHIMA Boai BigcTosiHid mpu 21 °C, ta oxonomxkenit no 16 °C 3
JOTIOMOTO0 3aHYPEHOT'0 TUTAHOBOT'O TPYyOUaTOro TEriooOMIHHUKA. 3apeeCTPOBAHO
3HIDKEHHSl CTalioHapHoTo curHainy Bin 8,2 MKA g0 6.0 mkxA. Lle Binmosimae
npubmm3Ho 5 % curHany Ha 1 °C, m0 € XapakTepHOIO O3HAKOK YIOBUILHEHOT
nudy3ii BITHOBIIIOBAHOT PEYOBHHHM y PIIKOMY CEPETOBHIII ad0 y TOJICTHICHOBIN

MeMOpaHi i maTBepIKye (QYHKIIOHYBAHHS CEHCOpPA B aMIIEPMETPUIHOMY PEKHMI.
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3. BucHoBKH

Po3pobireno amriepMeTpryHANA TBOEIESKTPOIHUN CEHCOP KUCHIO JJIs1 BOJTHOTO
cepenoBuina Ha OcCHOBI enmemeHta Kiapka. CeHcOp BIIPIBHSAETHCS OUIBIIOO
TEXHOJIOTTYHICTIO W JEIIEBIIMM POOOYUM €JIEKTPOJOM 3 TMOCPIOICHOTO MiTHOTO
JIPOTYy, a TaKOXK BIACYTHICTIO CICIIAILHOTO E€IEeKTPOJITY. EJleKkTpomitoM € BOIHUMN
PO3YHH, IKUH MIIAETHCS aHAM3Y W CAaMOBUTLHO MPOCOYYE EICKTPOXIMIUHY KOMIPKY
ceHcopa 3a 15 xB. [lokazaHo, TpHUBAIICTh MEPEXITHOTO MPOIECY CEHCOpa ICIIA
JESIKOTO TPEHYBaHHSI CTAHOBUTH OJM3bKO 6 XB, 110 € JOCTATHIM JJIsl 3aCTOCYBaHHS B
BOJTHOMY I'OCTIOIapPCTBI, @ YyTIAUBICTh JOCTATHS JIJIs1 BU3HAYEHHS KUCHIO B IIIMPOKOMY
niama3oHi. JloBeaeHo (YHKIIOHYBAHHS CEHCOpa B PEXKHMI CIOBUTbHEHOT audy3ii
KHCHIO, 1110 TapaHTY€ JIHIMHY 3aJIeKHICTh CTPYMOBOT'O CUTHATY Bi KOHIIGHTpAIl i
J03BOJISIE€ 3aCTOCOBYBATH UL KaTIOpyBaHHS BOJOTIHHY BOJY Y PIBHOBA31 3 MOBITPSIM

10 BMICTY KHCHIO.
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PRODUCTION OF THIN INTERFERENCE-COLORED OXIDE
FILMS ON THE Ti6Al4V ALLOY USING THE METHOD OF
ELECTROCHEMICAL OXYDATION IN SUCCINATE
ELECTROLYTES

Mukhina Yu.V., Smirnova O.L., Shevchenko G.S.,
Shkolnikova T.V., Pilipenko A.l.
V. N. Karazin Kharkiv National University, Kharkiv, Svobody Sq. 4, 61022
National Technical University “Kharkiv Polytechnic Institute”,
Kharkiv, Kyrpychova str., 2, 61002

The research data obtained for the specific features of the formation of thin
interference-colored films on the Ti6AKV alloy surface in succinic acid solutions
have been given. A maximum film thickness for given conditions is defined by the
voltage value independent of the electrolysis mode. The oxide film color is defined
by the preset forming voltage value independent of the current density and the
electrolyte concentration. The obtained data are explained by that the formation of
oxide in galvanostatic mode occurs under the conditions of the availability of the
constant potential gradient in the oxide film. An increase in the value of voltage
applied to the cell will condition a proportional growth of a maximum thickness of
the oxide film because it result in an increase of the amount of electricity passed
through the cell and in an appropriate increase in the oxidized metal mass.
Keywords: anode polarization, electrochemical oxidation, oxide film, barrier layer.
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OKPAIHIEHHBIX OKCHU/HBIX IINIEHOK HA CIIJIABE TI6AL4V
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OKHUCJIEHUSA B CYKIHUMHATHBIX J3JTEKTPOJIUTAX
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IlxompHukoBa T.B., ITumunenko A.N.
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OCHOBHBIMH TIOTPEOUTENISIMA TUTAHA W TUTAHOBBIX CILJIABOB SIBJISIIOTCS aBHA-,
pPaKeTo-, CYIOCTPOCHHE W XHUMHYECKas IMPOMBIIUICHHOCTh, B KOTOPBIX 3TH
Marepualibl  MCHOJb3YIOTCS  JJsl  M3TOTOBJICHHWS  OTBETCTBEHHBIX  M3JIEJHIA,
COYETAIOIIMX NPEKPACHYIO YIEIbHYI0 MPOYHOCTh, HHM3KUUA BEC U BBICOKOE
COMPOTHUBJIEHUE KOPPO3UH.

Eme omHOWl BaxHOW 007aCThIO HCIOJB30BAaHUS THUTAHOBBIX MaTepHAIIOB
ABJSIETCS MEAUIMHA, B KOTOPOW THUTAHOBBIE MATEpPUAIbl MCIOJIb3YIOTCA JJIs
U3TOTOBJICHHUSI Pa3JIMYHOTO WHCTPYMEHTapusi, 3YOHBIX THPOTE30B, JJIEMEHTOB
CYyCTaBOB, HHUTEH, CETOK, IJIACTUH, U3IEINN I YESITIFOCTHO-IMIIEBOM Xupypruu [1].
bmaromapss HanmM4uIO €CTECTBEHHOM OKCHIHOMW IUIEHKH, TUTAHOBBIE MaTepHUabl
00J1a1af0T CBOMCTBAMHU OMOMHEPTHOCTH M OMOCOBMECTUMOCTH, MIPU UMILJIAHTAITUN HE
BBI3BIBAIOT AIEPTUYECKUX peaKluid, OBICTPO 00pacTalOT KOCTHO-MBIIMIETHOM
TKaHbIO, CTPYKTypa KOTOPOM OCTaeTCsi HEU3MEHHOW HAa TMPOTIKEHUH BCEU
NIOCJICAYIONIEH )KU3HU TanueHTa [2].

JInsi W3rOTOBJIEHUST MEXAaHWYECKH HArpy>KEHHbIX HWMILUIAHTATOB IIMPOKO
UCTIONb3YETCsl THTAaHOBBIN criaB TI6Al4V, Tak kak YHMCTBIA THTaH IUIACTUYEH U
00JIalaeT HEJOCTATOYHOW NPOYHOCTHhIO. K HemocTarkaM TUTAaHOBBIX CIUIABOB
OTHOCHUTCS CHWKEHHE KOPPO3MOHHOM CTOMKOCTH C YBEIMYECHHEM KOJIMYECTBA
JETUPYIOIMX 3JIEMEHTOB. HexenarenbHOE CIEACTBUE KOPPO3WH HWMILIAHTATOB
3aKIIFOYaAETCA B BO3MOXHOCTH 150: MTOBEPXHOCTHOTO pa3pyLIcHUS,
COIMPOBOKAIONICTOCS  BBIKpAIIMBAHUEM 4YacTUIl MeTaula U 00pa3oBaHHEM
PACTBOPUMBIX COCAUHEHUM BaHAIHS U ATFOMUHUS, KOTOPBIE OKA3bIBAIOT TOKCUYECKOE
JIEUCTBHUE HA OPTraHU3M U MOTYT BbI3BATh MTPOTEKAHUE BOCIAIUTEIBHBIX MIPOLECCOB B
TkaHsax [3]. EcTecTBeHHBIC OKCHIHBIC TICHKH UMEIOT He3HAUYUTENbHYIO TOJIHHY (5—
6 HM), TO3TOMY Uil TpUAAHUS TOBEPXHOCTH THUTAHOBBIX MAaTEPUAIOB
(GYHKIIMOHAIBHBIX CBOMCTB UCIIOJL3YIOT JOPMUPOBAHKE KeEpaMUUeCKux, GocPaTHbIx

WM OKCHHBIX MOKPBITHH [4—T7].
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OkcuJiHbIE TUIGHKM HAa TUTAaHE TMOJY4YaloT HECKOJIbKHMMH METOJaMHU:
TEPMUYECKUM M IUIA3MEHHBIM OKHCJIeHHeM [8, 9], KoMOMHMPOBAHHBIM METOJA0M
AIIEKTPOXUMHUYECKOH M THApoTepMaibHOi 00pabotku [10], muddysnonusim [11],
AIEKTPOXUMHUUYECKUM OKHCIieHueM (aHomupoBanueM) [12-15]. Ilocrmemnuit mMeron
OKCHJIMPOBAaHUS SABJSAETCS HaubOoJiee pacnpoCTpaHEHHBIM, MOCKOJIbKY IO3BOJISIET
MOJy4aTh OJHOPOJIHBIC IUICHKHA 33JaHHOW TOJIIMHBI U CTPYKTYpbl Ha W3AEIHUAX
0001 KOH(MUTYpaIIHH.

1. MeToanka 3KCniepuMeHTa

DOpMUPOBAHUE OKCUAHBIX IJIEHOK HAa MOBEPXHOCTH TUTAHOBOI'O CIUIaBa
Ti6Al4V ~ MeromoM  DIEKTPOXMMHYECKOTO  OKHCIIEHHS  MPOW3BOAWIA B
rajlbBAHOCTATUYCCKOM pPEKUME, HCIOJb3ys HWCTOYHMK mwuTanus b5-49 [16].
Koneunyro HampshkeHue Ha siueiike n3MeHsi B nuanazone 10—100 B ¢ marom 10 B.
M3meHeHne 3HAYEHUs HANPSOKEHHST HAa SYeKe B MIPOLECCE  AJIEKTPOJiM3a
peructpupoBamu myiabTuMeTpoM Keithley-2000.

JIis  OKCUOWPOBAHWS UCIOJB30BAIM MPSIMOYrOJbHBIE OOpa3Ipl CIUIaBa
pazmepamu 70x20x5 MM. OOpa3ipl NUMQpOBAIN JIENECTKOBBIM HAXKJAYHBIM KPYTOM
UL yaaineHus: rpyosIx pucok u mapanud. [1ImudoBanasie 0Opasiel 00e3kupuBaIn
BOJTHOW CyCIieH3Wel KapOoHara HAaTpus W MPOMBIBAM BOJOW. OO0e3KUpEHHBIC
obpazusl TpaBwiu B cmecu HNOs; u HF (3:1), mpomMbiBanu BOAOTPOBOJHON H
JTHUCTUUIAPOBAHHOUN BOJIOM.

B kauecTBe siueiiky UCMOMB30BaM cTakaH 00beMoM 250 MJI, U3TrOTOBJICHHBIN
U3 XUMHUYECKH CTOWKOTO cTeksa. Jlis mpenoTBpailleHUs HarpeBa sYEHKU TpU
AIIEKTPOJIM3E €€ pa3MEelIaId B KPUCTAIM3ATOpPE 0OBEMOM 5 JI, 3alI0JTHEHHOM BOJIOM.
DJIEKTpOIN3 MPOBOAWIMN NpH Temreparype snekrpoiauTta 20 °C ¢ ucnoib30BaHUEM
BCIIOMOTaTeJIbHOTO CBHUHIIOBOTO AJiekTpojia. CHUrHajIoM OKOHYaHMs TIpoliecca
CITY>KWJIO Ccpa0aThIBaHUE peJie MCTOYHUKA TUTAHUS C PAOOTHI B PEKUME TOCTOSTHHOTO
TOKa B PEXKHUM TMOCTOSHHOTO HampsikeHus. BenmuyuHa BPEMEHHOTO MPOMEXKYTKa

MCXKOAY HA4YaJIOM  3JICKTPOJIM3a MW Cp abaThIBaHUEM peiac COOTBCTCTBOBAJIA
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TJMTETLHOCTH (DOPMHUPOBAHUS OKCHUIHOW IUICHKH. TONIIMHA OKCHIHOW IUICHKH
pacCUMUTHIBATIACH UCXO/IS U3 MOJYyYEHHBIX KyJTOHOMETPUYECKUX JaHHBIX.

PactBopel ays mpenBapuTelbHOM 00pabOTKH 00pa3soB W AJIEKTPOJUTHI
TOTOBWIY Ha TUCTHUUTUPOBAHHOM BOJIE C UCTIOJIb30BAHNEM PEAKTUBOB KBATM(UKAIIUU
«d.J1.a.

2. lesapb u 3a1aum UccJieJ0BaHUS

[ems paboThl — MCcIeMOBaHNEe OCOOCHHOCTEH MoBeAeHus civiaBa Ti6Al4V B
YCJIOBHSIX aHOJHOU MOJISIPU3AIMK B pacTBOPax SHTAPHOU KUCIIOTHI.

JIis MOCTHKEHWSI TOCTABJIIEHHOM I€TM HEOOXOAMMO PEIIUTh CICTYIOIINe
3a/1auu:

— YCTaHOBUTH BO3MOXKHOCTHh (DOPMHUPOBAHUS OKCHIHBIX IUICHOK Ha CIUIABE
Ti6Al4V mpu snekrpoxumuueckom okuciaeHuu B pactBopax CsHgOu;

— YCTaHOBUThH BIMSHHE PEKUMaA DJCKTPOJN3a (KOHIEHTPAIMU KHUCJIOTHI,
IUIOTHOCTH TOKAa, KOHEYHOTO 3HAYCHHWS HAMpPsDKEHUS) HAa OCOOCHHOCTH
dbopMupoBaHUS OKCUIHBIX TUICHOK.

3. Pe3yabTaThl JKCIIEPUMEHTA U X 00CY:KIeHHe

DIIEKTPOXUMUYIECKOE OKUCIICHUE TTOBEPXHOCTH TATAHOBBIX MaTePUAIOB MOKET
MPOUCXOIUTH OO ¢ 00pa3oBaHUEM PACTBOPUMBIX MPOJYKTOB aHOJTHOM PEaKIUH,
MO0 MPUBOAUTH K (POPMHUPOBAHUIO OKCUAHOTO ciost [17-19].

CtpykTypa OKCHIQ, TOJYy4YEHHOTO BO BTOPOM Cilydae, B OCHOBHOM
oTpenesieTcsl B3aUMOJICHCTBHEM KOMIIOHEHTOB JJIGKTPOJIUTA C  IOJYYCHHOM
TUIeHKOW. Ecin okucieHre mpou3BOIUTE B 3JICKTPOJIMTE, KOTOPBINA 001a1aeT c1abbiM
TpaBSMM JCHCTBHEM II0 OTHOIIEHUIO K OKCHIY, TO €ro pe3yJbTaToM Oymer
dbopmupoBaHue MIOTHOTO OAHOpoHOTO cjost TiO, Gapepeproro Tuma. Ilpu 3TOM
OKCHJIIMPOBAHHAas  TOBEPXHOCTh  MPHUOOPETeT  OKpacKy,  OOYCJIOBICHHYIO
uHTep pepeHIel cBeTa Ha TpaHulle pa3jeia «METAUI-BO3IyX», IPUIEM KKIOMY e
IBeTy OyJeT COOTBETCTBOBAaTh IUICHKA OTpEICICHHONW TOMMIUHBL. B ciydae
B3aUMOICHCTBHUS OKCHITHOTO CJIOSI C DJIEKTPOJIUTOM OYIyT POPMHUPOBATHCS IICHKH C

HEPEryJSIPHON WM PETYJIIPHON MOPUCTOCTHIO. ToMHA TUIEHKH 6aphepHOTO THUIIA,
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MOJYYEHHON JIIEKTPOXUMUYECKUM OKCUIMPOBAHUEM, ONPENENSAECTCS BEIMYUHOMN
HanpsDKEHUSA; MOPUCTOCTh  ONPEAEISIETCS  TUIOM  3JIEKTPOJIHTA, PEKUMOM
ANIEKTPOJIM3a M COCTaBOM cIulaBa. B cilyyae TOHKMX HHTEphEpEHIIMOHHO-
OKPAILIEHHBIX OKCHJIHBIX INIEHOK IaBHOW MPUYUHOM, KOTOPAas BBI3BIBAET KOPPO3HIO,
ABJIAIOTCS Je(EeKThl, HAPYIIAIOIIME IEIOCTHOCTh OKCHIA, TaK Kak KOPpO3Us
TUTAHOBBIX MaT€pUajIOB C OKCHUJHBIM MOKPBITHEM HICATbLHOW CTPYKTYpPhI JOJKHA
OBITh MUHUMAJIbHA M3-32 BEICOKOTO OMHUecKoTO conpotuBiieHus T10;. C 3To# TOUKH
3pEHUsl MPEACTABISECT WMHTEPEC HUCCIEAOBAHHE IMPOLECCOB AIEKTPOXUMHUYECKOTO
OKHCJICHHS] THTAaHOBOTO ciiaBa Ti6Al4V B pacTBopax Takoro ciaaboro 3JEKTPOJMTa
KaK sHTapHas KHUCJIOTa, KOHCTaHTa JUCCOIMAIMM KOTOPOW MO MEpBOM CTYNEHU
coctaBisieT Ky = 7,4-107°. D10 nomkHo oOyciaBinuBarh ciaboe Tpassilee JeiicTBIe
pacTBOpa MO OTHOIICHHIO K OKCHUIAHOW IJIGHKE W MPUBOAUTH K (POPMHUPOBAHHIO
OKCHJIHBIX CJIOEB 0apbEepPHOTO THUIIA.

Ha puc. 1 npuBeneHbl 3aBUCUMOCTH JIUTEIBHOCTH 3JIEKTPOXUMHYECKOTO
OKHCIICHHsI TIOBEpXHOCTH cimiaBa Ti6Al4V, mosydeHHbIE TpPHU JJIEKTPOJM3E B
raJlbBAHOCTATUYECKOM  peXHMe. BennuuHbl BpPEMEHHBIX MPOMEXKYTKOB T,
COOTBETCTBYIOLIME JJIUTEIILHOCTH (POPMUPOBAHUS OKCHJIA B CTALLMOHAPHOM PEXKUME,
YKa3bIBAIOT HAa CWJIBHYIO 3aBHCUMOCTb CKOpPOCTH (OPMHUPOBAHUS IUICHKH OT
UCIIOJIb3YEMON IUIOTHOCTU TOKa. llomydeHHbIE 3aBUCUMOCTH YCIIOBHO MOYHO
pa3aenuTh Ha J1Ba ydacTka. B quanazone j, = 2-5 A.-am~2 ckopocTh (GOpMHPOBAHHUS
OKCHJIa TPsIMO NPONOPLMOHATIbHA BEIUYMHE IUIOTHOCTU ToKa. llpu MeHbumx
3HAYCHUSX J; (MepBas TOYKa HA PUC. 1) JIMHEHHBIN X0 KPUBBIX HE HAOIOAACTCS U3-
3a HEIOCTATOYHOM TUIOTHOCTH TOKA OKUCJICHUS TUTaHA. ¥ MEHBILIEHUE JJTUTEIbHOCTH
ONICKTPOJIM3a TPU  YBEIMYCHUU [ OOBSICHSAETCS TEM, UYTO  CKOPOCTh
AIIEKTPOXUMUYECKON pPEaKIMM OKHUCIEHUS BO3pacTaeT NpH POCTE KOJUYECTBA
ANIEKTPUYECTBA, MPOIYIIEHHOIO Y€pe3 3JIEKTPOJ 3a €AUHULY BpeMeHH. [IocKonbKy
YBEJIMYEHHUE TUIOTHOCTHU TOKA OOYCJIOBJIEH POCTOM BEIMUYMHBI AJIEKTPUUECKOTO TOKA,

TO CKOPOCTDb OKHUCJICHUA CIUIaBa PACTCT C YBCIIMYCHUCM ja-
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CrnenyommM BBIBOJOM, KOTOPBIH MOXHO CJH€laTh W3 MPEACTaBICHHBIX
KPHBBIX, SBJSICTCS TO, YTO BpeMs (OPMHUPOBAHUS IUICHKA 3aBUCUT OT KOHEYHOTO
HarpsiKEHUsT Ha s4deiike. YBeIMueHHe KOHEeYHOoro U MpUBOJIMT K BO3PACTaHUIO

JJIMTCIIbBHOCTHU CTAIMOHAPHOI'O0 POCTa OKCHAHOT'O CJIOA. 910 YKa3bIBACT Ha TO, 4YTO

3HCKTpOXI/IMI/I'-ICCKOG OKHUCJIICHHUC B CYKIH/IHaTHBIX BHCKTpOJ'H/ITaX IIO3BOJIACT
chopmMupoBaTh OKCHIHBIC CJIOM OapbepHOTO THIA, TOJIIMHA KOTOPBIX
MPOIOPIIMOHATbHA BEJTMIMHE HAMPSKEHUS HA STUCHKE.
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Puc. 1. 3aBUCUMOCTh JJIUTEILHOCTH TATbBAHOCTATHYECKOTO JICKTPOJIM3a TIPU
okuciieann cruiaBa TiIbAKMV B CyKIIMHATHBIX AJIEKTPOJIMTAX.
Koneunoe nanpsokenue Ha siuetike, B:a— 5, 6 — 50

I[ﬂJIBHCﬁIHI’IC HNCCJICAOBAHMA OBLIH HaIpaBJICHbI HA BBIABJICHHUC BJIMAHUA
KOHICHTpAMKX JBJICKTPOJIMTA W HAIIPsSAXKCHHA Ha slUeliKe Ha AJIMTCIIbHOCTE POCTa
INICHKW IIPW aHOJHOM OKHCJICHHMH INIOBCPXHOCTH CILIaBa. HOJ'Iy‘IeHHBIC PE3YJIbTAThI

MO3BOJIUJIM YCTAaHOBUTH, W3MeHeHne KoHueHTpanun CsHgO4B pacTBOpe B mpenenax
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5-60 1/m He OKa3BIBACT BIWSHUS Ha JJIUTEILHOCTh POCTa IUICHKH (puC. 2, a). DTO
YKa3bIBAET Ha TO, YTO M3MEHEHHE KOHUEHTPALMKU SHTAPHOW KUCJIOTHI HE BIMSIET Ha
TPaBSIIYI0 CIOCOOHOCTH 3JeKTposuTa. Ompenensioniee BIUsIHUE Ha JIUTEIbHOCTD
dbopMuUpOBaHUS OKCHIHOTO CJIOS TPU OKHUCJICHWHW B CYKIIMHATHOM DJIEKTPOJIUTE
MMEET 3HAUYEHUE KOHEYHOrO HANpsHKeHWs Ha sdeiike. Kak BUOHO W3 JTaHHBIX,
NPUBEACHHBIX HA pHUC. 2, O, IJIUATEILHOCTh (OPMUPOBAHUS IUICHKH MPSIMO
IPOTIOPIIMOHATIbHA BEIMYMUHE HAMpPSDKEHHUs, 4YTO OOBACHSIETCS OCOOCHHOCTSMH
dbopMHUpOBaHUS OKCHJIa 0APHEPHOTO THIIA.

JIeUCTBUTENBHO, HBWXKYIICH CWIOW Mpolecca aHOIUPOBAHUS SIBJISETCS
HAIUYHUE 3HAYUTEILHON HAMPSIKEHHOCTU SJEKTPUYECKOTO TOJisl B IUIEHKE MpHU
aHOJHOM OKHUCJIEHUU. YBEJIMYEHUE €€ TOJIIMHBI MPEKPAIIACTCs MPU JOCTHKEHUH
rpaJieHTa MOTEHIINAJIa, KOTOPHIN HE MOXKET 00ECTIeUNTh TIEpEMEIICHNS HOHOB Yepes
okcuz. [Ipu okucIeHn MeTalia B rajlbBAHOCTATHUECKOM PEKUME JJIS 110 1/1ePKAHUS
3aIaHHOM TIJIOTHOCTH TOKa HE0OXOJWMa IMOCTOSTHHAs HAMpsHKEHHOCTh TOJS TI0
TOJIMHE CPOPMHUPOBAHHOM IUICHKH. Ecim okcup oOpasyercs mpu  J,=CONSt,
HanpsDKEHWE Ha IUJICHKE JIOJDKHO JIMHEWHO YBEJIWYUBATHCS, TO €CTh OyJer
HAOMIOAAThCSl JIMHEHHOE YypaBHEHHE Tuma X=ay, rjae X — TOJIIUHA TUICHKH, ) —
HanpspKeHHe (POPMOBKH, @ — KOI(DPUIMEHT NpONOpPLHUOHATBHOCTH (IIOCTOSHHAS
pocTa TuleHKH). Benmnuuna a 11 TuTaHa u3Mensiercs B npenenax 1,9-6,0 am-B-1 [20,
21].

[TosTOMYy TOJNIIMHA TJICHKHA OMNPEEIsIeTCs JIMIIb 3aJaHHBIM HAIPSXKCHUEM.
[Ipu yBenMueHUH TOJIIMHBI IJICHKU MPOUCXOJIUT MTOCTEINIEHHOE CHIXKEHHUE TPajueHTa
noTeHIasa A u ee popmMupoBaHUe MPEKpAIIACTCs MPU JOCTUKEHUU HEKOTOPOTO
KPUTUYECKOTO 3HAUYCHUSI A, HE MOTYIIEro 00ECTICUUTh JIBUKEHUS HOHOB B PEILIETKE

OKCHAA.
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Puc. 2. 3aBUCUMOCTD IJIUTENFHOCTH TAIbBAHOCTATUYECKOTO AJIEKTPOJIN3a TPH

okucJyieHnu cruiaBa TI6Al4V B CyKIIMHATHBIX 3JIEKTPOJIMTAX.
a—-U=60B;0—-],=3 A-qm2

BeiiBUHYTBIE TIPEIONONKEHNUS O (POPMHUPOBAHUH TUICHOK OAphEPHOTO THIIA
noITBepKAatoTcs (hoTorpadusiMu 0Opa3IOB MOCJIEC MPOBEACHUS OKCHUIUPOBAHMUS
(puc. 3).

AHOJHOE OKHCJICHHE MPUBOJHMT K OOpa30BaHHIO HAa MOBEPXHOCTH CILIaBa
UHTEP PepECHIIMOHHO-OKPAIIICHHBIX TUICHOK. L[BEeT OKpacku IUICHKU OMpeaesieTcs
KOHCYHBIM HANPSOKCHUEM Ha sUCHKE W HE 3aBUCHUT OT HCTIOJIb3YEMBIX IIOTHOCTH
TOKa W KOHIICHTPAIMH JICKTPOJIMTA, YTO HAXOJUTCS B COOTBETCTBUHU C TCOPHUCH

QJICKTPOXUMHUICCKOTO (I)OpMI/IpOBaHI/ISI 6apB€pHBIX OKCHUAHBIX IINICHOK I[eBaJIBI[a.
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Puc. 3. [loBepxHOCTH 00pa31oB, U3rOTOBICHHBIX U3 ciiaBa Ti6Al4V, nocne
OKHCJICHUS B TAIbBAHOCTATUYECKOM PEXUME

KynoHomeTpudyeckrue JaHHbIC, MOJYYE€HHbIE B peE3yJbTaTe JJICKTPOJIM3A,
MTO3BOJIMIIA TIPOBECTH PACUET TONIIUHBI IICHOK (Tab. 1). Iloydennsie pe3yabTaTe
YKa3bIBAIOT HA TO, YTO TOJIIMHA MOJYyYEHHBIX IJICHOK HaxoauTcs B mpeaenax 30-120
HM, 4YTO OOJIbIIE TOJIIMHBI E€CTECTBEHHOTO OKCHAHOTO cjos B 5-20 pas.
BbBINOJHEHHBIN pacyeT MO3BOJISIET YCTAHOBUTh COOTBETCTBHE MEXKAY 3HAUECHUEM
HAIMpSKEHUST HA SYEMKE, TOJIIMHOWM M IIBETOM OKCHIA, YTO TMO3BOJSIET JIETKO
dbopmMupoBaTh HYKHYIO TUIEHKY HE TOJIBLKO JIJIS TIOJTYYEHHS JKEIaeMOTO MMOKPBITHS, HO
M HCIOJIb30BaTh AHOJWPOBAHHWE JJIsI MApPKUPOBKU HW3JEIHUM. [Tonyuennsie
pe3yabTaThl MO0 (POPMUPOBAHUIO OKCUIHBIX TUIEHOK B CYKIIMHATHBIX AJIEKTPOJIMTAX
WHTEPECHBl C TOYKH 3PEHHS DJICKTPOXMMHYECKOM AKTMBHOCTH TUTAaHOBBIX
MMIUIAHTaTOB  JUIA  NPOTHO3UPOBAHUA KX KOPPO3UMOHHOM  CTOMKOCTH B
(bU3NOIOTHYECKOH Cpefie OpraHu3Ma.

OnTuMabHOM CTPYKTYPOU JOJDKHBI 00J1a/1aTh IJICHKM OapbhbepHOTO THIIA,
XapakTEepPU3YIOIIMECS] OJHOPOJHOCThIO COCTaBA M MHHUMAJIBLHOW MOPUCTOCTHIO.
Takue MJICHKUH JOJDKHBI 00JaaTh XOPOUIMMH 3alllMTHBIMU CBOMCTBAMHM H3-3a
U30JIUPYIOIMX CBOMCTBAa JIMOKCHJIA THUTaHA, KOTOPBIM Oyner oOecrneyuBarh

FJ'IY6OKYIO ImacCuBanuIoO MOBCPXHOCTH UMILIIAHTATOB.
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Taoauna 1. CooTBETCTBUE MEXY 3HAUEHUEM HaNPSKEHUS, TOJIIIMHON U [IBETOM
IUICHOK, TIOJYYCHHBIX Ha ciuiaBe T I6AI4V

U, B 0, MKM LBer

40 0,072 Caetno-3eneHbIi
50 0,090 Kenrerit

60 0,104 30JI0TUCTHIN

70 0,119 Po3osBuiit

80 0,151 TeMHO-MaJIMHOBBIA
90 0,178 CBeT10-MaJIMHOBEIN
100 0,215 3eneHnli

4. BoiBOABI

[loxazano, 4yTo aHojHas mnoJysipu3auus cioiaBa Ti6Al4V B cykumHaTHBIX
AIIEKTPOJIUTAX MPUBOJUT K OOPa30OBaHUIO HAa MOBEPXHOCTH OOpPAa3LOB TOHKUX
UHTEp PepEeHIMOHHO-OKPALICHHBIX OKCUAHBIX IUIEHOK 0aphepHOTO THUIIA.

CKOpOCTh OKHUCJIGHHS CIUIlaBa B JHWana3oHe Ja = 2-5 A-am2 mpsimo
IIPOINOPLUHAOHAIBHA TUIOTHOCTH TOKA. TOJIIMHA TUIEHKHM MAaKCUMAJIBHOW sl TAHHBIX
YCJIOBUM TOJIIMHBI OMPEAEISETCS 3HAUECHUEM HAINPSHKCHUS Ha SYEUKE U HE 3aBUCUT
OT KOHUEHTPALMU IEKTPOJIUTA U INIOTHOCTHU TOKA JJIEKTPOJIMN3a.

[losryuennble pe3ynbTaThl OOBSICHAIOTCS TEM, YTO POCT IJICHKH IMPOUCXOUT
OpU HAIMYUU ONPENEJICHHOrO0 TI'paJMeHTa NOTEHLHUaNa, KOTOPBIA CIOCOOCTBYET
MUTpallMd MOHOB 4Ye€pe3 PEIIeTKYy OKCHIa. YBEJIMYEHHE 3aJaHHOro 3HaueHus U
MPUBOJUT K NMPONOPIUOHAIEHOMY YBEJIUYEHUIO MaKCUMAJIbHOW TOJIMHBI OKCHUAA,

KOTOpasa OoNnpcACiLACT AJIMTCIbHOCTD 3JICKTPOJIN3a.
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