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BAUSTHUE MOAM®ULIAPYIOIINX AOBABOK Pd, Pt U Au
HA CEHCOPHBIE CBOVICTBA SnO, U In,O,
IIPY OITPEAEAEHUU TTAPOB ALIETOHA

E. A. OBOJOK", M. H. HBAHOBCKAA", T. B. TAEBCKAA",
B. B. KorpmolII®, B. C. BUITAHHY®

1)Haquo-ucczledoeame/leKmZ uncmumym Quzuxo-xumuieckux npobiem bBI'Y,
yi. Jlenunepaockas, 14, 220006, 2. Munck, berapyce
 Hayuno-uccnedosamensckuti uHCmumym cpedcme ananumueckoti mexmuxu
Vorczopoockozo nayuonanvrnoeo ynusepcumema, yi. Myxauesckas, 25, 88000, . Yoceopoo, Ykpauna
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HcenenoBaHbl CBOICTBa IIAHAPHBIX CEHCOPOB HAa OCHOBE CHHTE3UPOBAHHBIX HAaHOIIOPOIIKOB JHOKCHIIA OJIOBA U OK-
CHJa MHAUS NIPH ONpeJeTIeHHH apoB aneToHa. [lorydeHHbIe CeHCOPBI IIOKA3aIi BEICOKYIO YYBCTBHUTEIBHOCTD K HU3KUM
KOHIICHTPALIIAM alleTOHA BO BIAKHOU cpefie, MOJEIUPYIOIINM BBLIOX YEJI0BEKA, 4TO HEOOXOUMO AT IKCIPECC-KOHTPOIIA
U IMarHOCTHKHM 3aboneBanus quadetom. Beenenue karanntudecku akTuBHbIX MeTauioB B Bujae Pd(II), Pt(IV) u Au(IIl)
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MO-pa3HOMY BIIHSIET Ha YyBCTBUTEIHHOCTH MPU OMPECICHUH MapoB arjeToHa. JloGaBiaeHrne HEOONBIIOTO KOTHYECTBA
nonoB Au(III) (0,5 mac. %) B 3016 ruapokcuna uaaud win Hanecernue Pt(IV) (1,0 mac. %) Ha momukpucTaINueCcKUi
JMOKCHUJI 0JIOBA MOBBIIIAET KaK I0OPOrOBYO UyBCTBUTEIBHOCTD, TAK M OTKIUK ceHCcopoB In,O; — Au u SnO, — Pt. Beicokas
YYBCTBHUTEIBHOCTD ITOTYYCHHBIX CCHCOPOB 00YCIOBIEHA 0COOCHHOCTSIMH CTPYKTYPBI, COCTOSTHIEM ITOBEPXHOCTH OKCHIOB
Y HAHOYACTHUI[ METAJIIOB, KOTOPHIC OTIPEICISIFOTCS YCIOBUAMH CHHTE3a 00pa3IoB.

Kniouegvie cnosa: cencopsl; aneros; SnO,; In,O5; Au; Pt; Pd.
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Ha 2021-2025 rT. ¥ coBMECTHOTO Oeropyccko-ykpanHckoro mpoekTa (rpant Ne 0121U14006) (Vkpauna).
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Properties of planar sensors based on the synthesised nanopowders of tin dioxide and indium oxide for detection of
acetone vapors have been studied. The sensors were characterised by a high sensitivity to low concentrations of acetone
vapors in a humid environment, which simulates human exhalation. Addition of catalytically active metals in the form
of Pd(II), Pt(IV) and Au(IIl) affected the sensitivity of the sensors in different ways. The addition of a small amount of
Au(IIl) ions (0.5 wt. %) into the indium hydroxide sol or the deposition of Pt(IV) (1.0 wt. %) on polycrystalline tin dioxide
increased both the threshold sensitivity and the response of the In,O; — Au and SnO, — Pt sensors. The high sensitivity of
the prepared sensors was due to the structural features, the state of the surface of oxides and metal nanoparticles, which
are determined by the conditions of sample synthesis.

Keywords: sensors; acetone; SnO,; In,O5; Au; Pt; Pd.
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BBenenue

B nocnenaue rogpl HapsAAy ¢ TPAAUIIMOHHBIMU OOIACTSIMH TPUMEHEHHUS METAITIOOKCHTHBIX PE3UCTUBHBIX
CEHCOPOB MHTEHCUBHO MPOBOASTCS WCCIIEOBAHMS, HATIPABICHHBIC Ha YCTAHOBICHHE BOZMOKHOCTH HUX HC-
TTOJTb30BAHMS JJIsI OMIPEISIICHUS PsiZla OPTaHUIECKUX BEIIECTB, SIBISTIONIUXCS OMOMapKepaMH HEKOTOPBIX 3a00-
neBanwii [ 1; 2]. B vacTHOCTH, IIMPOKO UCCIIEAYIOTCS BOBMOKHOCTH ONPEIeNIEHNS BEIIECTB B BBJIOXE YEIIOBEKA
MIPH CTOMATOJIOTUYECKUX 3a0oneBaHusaX u quadete [3; 4]. AHamu3 ApIXaHUs sBIseTCs 0€3007Ie3HEHHBIM JHa-
THOCTUYECKUM METOJIOM, KOTOPBII MOXKET JTOTIOJHATH KJIACCHYECKHUE METO/IbI TUATHOCTHUKH.

OnHO U3 HampaBIeHUH UCCIIEOBAaHHH B 3TOW 001aCTH CBSA3aHO C ONpEAeNICHNEM alleTOHA B BBIIOXE Yeo-
BeKa KaK OMoMapkepa 3a00JeBaHUs TUA0ETOM, ITOCKOIBKY KOHIIEHTPAIHS APYTHX COMYTCTBYIONINX BEIIECTB
3HAUNTENHHO HIKe. OTHAKO He PelIeH BOMPOC O IOCTATOYHOCTH OTHOTO MapKepa JUIsl TUarHOCTUKHU Pa3InIHbBIX
(dhopM u cTaamii 3a00JIeBaHHUS.

KommMmepueckre ceHCophI OTpeieieH s alleTOHa OOBIYHO MpeTHa3HAYCHBI IS I€TEKTHPOBAHUS €T0 BBICOKHX
KOHIIeHTparuii (5 - 10*=5- 102 06. %) [5]. Asi1 MOHUTOPWHTA U TUATHOCTHKH THa0eTa HEOOXOIUMBI CEHCOPHI
C BBICOKOH YYBCTBUTEIBHOCTHIO K HU3KUM KOHIIEHTpanusaM arerona (1,8 - 104-3,0 - 107 06. %) BO BIaKHOMH
cpene. B cBs3M ¢ 3THM WHTEHCHBHO MPOBOJUTCS TIOMCK MEPCIIEKTUBHBIX MaTepPHANIOB /ISl TAKUX CEHCOPOB
arieroHa [5—7]. AHanM3 UMEIOIIUXCS JaHHBIX TOKA3bIBAET, YTO MOKHO BBIZCIUTH JIBA OCHOBHBIX HAIIPABICHUS
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TIOBBIIICHNS YyBCTBUTEIHLHOCTH METAJNIOOKCHIHBIX CEHCOPOB K areTony. [lepBoe HampaBieHne BKIIIOYaeT co-
BEpLICHCTBOBAHNE METOIMK CHHTE32 B LIEJISIX MOTY4YEHHsI HAHOKPUCTAJUIMYECKUX OKCHIOB METAJIJIOB C aKTUBHOM
B a/ICOPOLIMM 1 KaTaju3e MOBEPXHOCThIO. BTopoe HampasieHne npeanonaraeT U3MEHEHNE CBOMCTB CEHCOPOB
3a CUeT BBEIEHMS aKTHMBHUPYIOIINX A00ABOK, MPEXK/E BCEr0 KaTAIMTUYECKH aKTHBHBIX METa/UIOB. B nanHOMN
paboTe ObLIM peann30BaHbl 00a ITUX HAIIPABJICHMUSL.

st co3nanus CEeHCOpOB alleTOHA HCIOJB30BAIM HIMPOKO MPUMEHSAEMbIE B TPOU3BOJCTBE ra30BBIX CEH-
copoB okcuabl — SnO, u In,O5. Jlnokcua onoBa NpeacTaBiseT HauOONbIINI TPAKTHUECKHIA HHTEPEC, XOTA
1 YCTYIAET 110 YyBCTBUTEILHOCTH APYTUM oKcuaM. OH SIBISIETCSI IIMPOKO30HHBIM IIOIYITPOBOIHUKOM (LIMPHUHA
3arnpenieHHon 300561 3,6 3B), TOCTOMHCTBO KOTOPOTO 3aKII0YaeTCsl B BHICOKOW TEPMUYECKON W XMMHUYECKOH
crabunpHOCTH. [IprMeHeHne AMOKCHAA 0JI0BA BIMCHIBACTCS B CYIIECTBYIOILYIO MAIIMHHYIO TEXHOJOTHIO U3-
TOTOBJICHHS CEHCOPOB. B MHAMBHTyaTbHOM COCTOSIHUHM 9yBCTBUTEIBbHOCTE SNO, HEBBICOKAsI, OTHAKO MIPU BBE-
JIEHUH aKTUBUPYIOMINX WM MOAU(PHUITUPYIONTNX T00aBOK OHa MOXKET OBITh 3HAYUTEIILHO TIOBBIIIEHA [5; 6; 8].
B wacTHOCTH, M3BECTHO MOIU(BUIUPYIOIIEE BIUSIHUE CYIb(aT-HOHOB Ha COCTOSIHUE ITOBEPXHOCTH PA3ITUIHBIX
OKCHJIOB METAJUIOB, YTO OJAroNpHUsTHO CKa3blBAETCS HA MX KaTAIMTHYECKUX CBOWCTBAX B PEAKIMUSIX OKHCIIE-
Hus [9-11]. Panee aBropamu Oblia pazpaboTana OpuruHanbHasi METOAUKA CHHTe3a AMOKcHaa o1oBa u3 SnSO,,
IIO3BOJISAIONIAS TIOJTy4aTh YABTPAagUCIIepCHBIN opouok SnO, ¢ MoanGUIUPOBAHHOH CyIb(paTHBIMU I'PYIIIAMU
MOBEPXHOCTRIO [9; 11].

Oxcun uHIMS, KaK TOKa3aHo B paboTe [8], Mo 4yBCTBHTENBHOCTH KO MHOTHUM BELIECTBAM MPEBOCXOIUT
JUOKCH/T 0JIOBA, OJHAKO SBJISIETCS MEHEE XUMUUYECKH U TEPMUUYECKH CTa0MIbHBIM. [IpogeMoncTpupoBana mep-
CIEKTUBHOCTH HCIIOJIb30BAHUS OKCUAA MHANS B TOHKOIJICHOUHBIX CEHCOPAX, I7I€ Ba’KHBI €I0 XOPOIINE [IEHKO-
00pa3syrolie CBOMCTBA U BRICOKAS DJIEKTPOIPOBOTHOCTE [12].

Henb nanHo# pabOThl — yCTAHOBUTH BIHMSHHUE KAaTATUTHYECKU aKTHBHBIX JTJ00aBOK Ha UYBCTBUTEIILHOCTH CEHCO-
poB. Ha ocHoBe SnO, 1 In,O; k mapaMm areToHa B BO3IyIIHON CPE/ie C OTHOCUTEIBHOMU BIAKHOCTBIO 98 %, a Taroke
BBIJICIIUTH COCTaBbl, HANOOJIEe TIEPCIEKTUBHBIE I M3TOTOBJICHHUS CECHCOPOB HU3KUX KOHLIEHTPAIUH alleToHa.

MeToauKu CHHTE3a mMarepuajioB

Jlrokcu ooBa CHHTE3UPOBAIH 10 pa3paboTaHHON paHee METOAMKE, MMO3BOJIAIONICH MOMydaTh YaCTHIIbI
JMOKCH/IA 0JI0BA MallbIX pasMepoB (dg, ~ 5,5 HM) ¢ MOLM(UIMPOBAHHOM CyIb(AaTHBIMU TPYIIIAMH ITOBEPX-
HOCThIO [9]. [laHHast MeTOMKA BKIIIOYAET CTAAUIO IIPEABAPUTENbHOM 00padoTku SnSO, pyu HarpeBaHUU B KOH-
IIEHTPUPOBAHHON CEPHOM KHUCIIOTE ¢ MOCIEeAYIOMUM ocaxkaeHueM 3011 SnO, - nH,O pactBopom ammuaxa,
MIEpPEBOIOM €r0 B MOpomIok myTeM cyuiku npu 50 °C u nporpesa Ha Bozayxe mpu 600 °C.

Oxenp napust (d, ~ 20 HM) cuHTE3UpoBaiM 301b-renb MeTonoM 13 In(NO;); ¢ HCIIoNb30BaHNeM BOLHOTO
pacTBOpa aMMHAaKa, IIOJyUYCHHbIH 0Ca0K IMIPOKCHIA WHANS OTMbIBAIN U IEPEBOAMIM B 306 00pabOTKOI
YIBTPa3ByKOM U cTabminu3anuei azotHoi kucioroii [13]. ITopomok In,O; momyydanu myTeM CyIIKH 30J1s IPH
50 °C u nmocnexayroiero mporpesa Ha Bozayxe npu 600 °C.

ONeKTPOHHO-MUKPOCKOITNYECKNE CHUMKHU MOPOIIKOB OKCHJA MHAMS U AMOKCHIA OJIOBA MPEACTABICHBI Ha
puc. 1.

ala

Puc. 1. D1eKTpOHHO-MHKPOCKONINYECKHE CHUMKH CHHTE3UPOBAHHAIX Mopouikos In,O5 () u SnO, (6)
Fig. 1. Electron microscopic images of the synthesised In,O; (@) and SnO, (b) powders

Hus nonydenus SnO, — Pd, SnO, — Pt, In,0; — Pd u In,0; — Pt pactBopsr H,[PdCl,] (Pd(II)) u H,[PtCl]
(Pt(IV)) B konmnuectBe 1 mac. % MeTania OTHOCUTEIBHO OKCHAA HAHOCHIIM Ha TOJIMKPUCTAITMYECKHUE TOPOILIKH,
BbICYLIMBanu U nporpesanu npu 600 °C. IIpu TakoMm mporpeBe HOHbI MAJUIAAUs U TUIATUHBI HEPEXOIAT B Me-
TajIMyeckoe coctossHue. OIHAKO MPH HAJTMYUM B3aMMOJCHCTBUS C OKCUIHON MaTpULIEH MOTYT COXPaHSTHCS
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1 MOHHBIE ()OPMBI TUIATUHBI U MAJJIa s, B TOM YHUCIIE C IPOMEKYTOYHOM CTENeHblo okucieHus. Hanecenne
KaTaJINTUIEeCKH aKTHBHBIX JI00ABOK HA TOBEPXHOCTh OKCHUIHBIX HOCUTEIIEH SBISIETCS ITUPOKO PACIIPOCTPAHEH-
HBIM METOJIOM TTOJTy9EHHS aKTHBHBIX KaTaIH3aTOPOB PEAKIINH OKUCIICHHMS.

Jist nonyuyenust HaHokomnosuros SnO, — Au u In,O; — Au B 3051 SnO, - nH,0 u In(OH), BBoauu pactsop
HAuCl, (Au(Ill)) B konmuuectse 0,5 mac. % Au 0THOCUTENBHO OKcuja. 3ateM 30iu ¢ godaskoit Au(IIl) Beicy-
mmBanu 1 nporpesaiu npu 600 °C. Panee Ob110 nokazano [14], 4ro BBeaeHNe, a HE HAHECEHHE 30J10Ta Oonee
3¢ PEeKTUBHO BIMSIET HA UyBCTBUTENBHOCTH In,0; — Au K ra3aM-BOCCTaHOBUTEISIM. JTO OOBSICHSETCSI BBICOKOI
JIICTIEPCHOCTBIO 30JI0TA IIPH COBMECTHOM (DOPMUPOBAHHHU CTPYKTYPBI OKCHTHOIM MaTPHITHl 1 HAHOYACTHII 30JI0Ta.

H3roroBiienne ceHCOPOB M H3MePEeHHe X XapaKTePHCTHK

J111s M3roTOBIICHNS 9yBCTBUTEIBHBIX 3JIEMEHTOB CEHCOPOB ITOPOIIKH TIATEIEHO TUCTIEPTHPOBAJIH B 3TAHOIE,
13 MMacThl (HOPMUPOBAIH TOJICTOTICHOYHBIE CIIOM Ha HAarpeBaTeIbHBIX MUKpoOIIaT(opMax /st ceHCOpoB. Mc-
OJIb30BAJIA CTAHIAPTHBIC MUKPOIUIAT(OPMBI U3 MOIOKEK OKCHIA aIFOMUHUS pazMepoM 1,6 x 1,6 x 0,3 Mm
C TUTATUHOBBIMU HArPEBaTEIeM U U3MEPUTENbHBIMU dJIeKTpoaaMu. CONpOTUBIICEHHE HATPEBATENI IPU KOMHAT-
HO¥ Temrieparype coctapisuio 16,5 Om. Cxema mat(opMbl ¢ HarpeBaresieM U H3MEePUTEIbHBIMU AIIEKTPOAAMU
npuBencHa B padote [15]. UyBCTBUTENBHBIE 3JIEMEHTHI 3aKPETUIIIN B CTAHAAPTHRIX KOopITycaxX. BHemHU BHT
CEHCOpa U YyBCTBUTEIHHBIX DIIEMEHTOB MPEICTABICH Ha pHC. 2. B cTaTMuecKuX yCIOBHSIX MOAAYH HAMpsKe-
HUS IIPOBOIMIIM U3MEPEHUE CONPOTHUBIICHHS CEHCOPOB Ha BO31yXe (R ) ¥ B aLlETOHO-BO3YLIHBIX CMECsX (R,)
C OTHOCHTEIBHOM BIaKHOCTHIO 98 %. BhixomHbIe curHaibl ((G) CEHCOPOB OIPEIENSLTH KaK OTHOIIIEHHE COTIPO-

Tusnennii: G = —.

6/c

Puc. 2. dororpadudeckre CHUMKH ceHcopa (a)
U 4yBCTBUTEIBHBIX JIEMEHTOB Ha ocHOBe SnO, (6) u In,05 (6)

Fig. 2. Photographs of the sensor (a) and sensitive elements
based on SnO, (b) and In,05 (c)

PesyabTarsl 1 HX 00CyxkAeHHE

Ha puc. 3u4 MpEACTABJICHBI 3aBUCUMOCTHU BbIXOAHBIX CUT'HAJIOB CECHCOPOB OT MUHHUMAJIBHO PETrUCTPUPYEC-
Moii konnenTpamuu anerona (Cp,) 10 5 - 107* 06. %. ITOT MHTEpBAN KOHIIEHTpAIHii AL[ETOHA IPECTaBISET
MHTEpEC JJIs AMarHOCTUKU Auadera.

U3 mpe/icTaBIeHHBIX JAHHBIX CIEYET, YTO CEHCOPHI HA OCHOBE OKCHJIA WH/IHSI M THOKCH]IA OJI0Ba, CUHTE-
3MPOBAHHBIC 110 YKA3aHHBIM BBIIIIE METOINKAM, 00JIa/Iat0T BEICOKOW TOPOTOBOM YyBCTBUTEIBHOCTHIO K TapaM
all€TOHAa BO BIAKHOU cpeae. Ilo HOpOFOBOﬁ YYBCTBUTCJIBHOCTU U BEJIMYMHEC BBIXOAHBIX CUT'HAJIOB CCHCOPLI HA
OCHOBE OKCH/IA WHJIUS MIPEBOCXOMAT CEHCOPBI HA OCHOBE JIMOKCH/IA OJIOBA.

Karanutndecku akTUBHBIE TOOABKU TIO-Pa3HOMY BIIHMSIOT Ha CBOMCTBAa CEHCOPOB HA OCHOBE ATHX OKCHUJIOB.
HaubOonee 3HaunTEIbHOE BO3PACTAHUE BHIXOIHBIX CUTHAJIOB HAOJIONACTCS ITPH BBEJCHUH 30J10Ta B OKCHJT MH/IHS.
BBezieHre 3070Ta B TUOKCH]T OJIOBA MPAKTUUECKU HE BIMSACT HA U3MCHEHHE MapaMeTpoB ceHcopos. [Ipu Ha-
HECCHUU TUIATUHBI Ha IMOKCH/ 0JIOBA YYBCTBUTEILHOCTD TIOBBIIIAETCS, TOT/a KaK P HAHECEHUY €€ Ha OKCHT
WHIWA YYBCTBUTCIBHOCTE CHHXKACTCH. Hanecenue najuraansa CHUXaceT YyBCTBUTCIIbHOCTh CEHCOPOB KaK Ha
OCHOBE OKCH/JIa MH/IMsI, TAK U Ha OCHOBE JIMOKCHJIA OJI0BA.

HWcxomst u3 ipecTaBICHHBIX HA PUC. 3 1 4 KOHIIEHTPAIMOHHBIX 3aBUCUMOCTEH, ONpeiesicHa pa3HUIa MEKIY
BEJTMYMHAMHE BBIXOJHBIX CHTHAIOB (AG) IIPH KOHIIEHTpAIysx mapos arerona 3,0 - 104 u 1,8 - 107 06. %, Ko-
TOpasi OTpa)kaeT YyBCTBUTEIHLHOCTh CCHCOPOB K KOHI[CHTPAIIUH alleTOHA B IMANIa30He, TPE/ICTABIISIONIEM Hau-
OOJIBIINI UHTEPEC [T TUarHOCTUKY 3a00iieBanus quaderoM. [lomyueHnbie BenunHbl AG pUBECHBI B Ta0I. 1.
YyBCTBUTENBHOCTH CEHCOPOB B 3TOM JTHANA30HE KOHIICHTPAINIA BaKHA MPU OLIEHKE BO3MOKHOCTH MPAKTHIECKON
pea3anii CEHCOPOB B MOPTATHBHBIX YCTPOHUCTBAX JIJIsl KOHTPOJIS COICPIKAHUS allETOHA B BBIJIOXE YEIIOBEKA.

6
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Puc. 3. 3aBUCHMOCTb BBIXOAHBIX CUI'HAJIOB CEHCOPOB OT KOHLCHTPALUH
MapoB al[eTOHA BO BIAXKHOW BO3IYIIHOMN cpefie (OTHOCHTENbHAs BIaXHOCTh 98 %):
1 —-Sn0, —Pd; 2 - SnO, — Au; 3 — SnO,; 4 — SnO, — Pt.

PaGouas temneparypa cencopos 335 °C
Fig. 3. Dependence of the output signals of the sensors on the concentration
of acetone vapors in a humid air environment (relative humidity 98 %):

1 —Sn0, — Pd; 2 - SnO, — Au; 3 — SnO,; 4 — SnO, — Pt.

The operating temperature of the sensors was 335 °C
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Puc. 4. 3aBUCUMOCTb BBIXOJJHBIX CUT'HAJIOB CEHCOPOB OT KOHIICHTPALIH
I1apoB aIleTOHa BO BIAYKHOW BO3LYIIHOHN cpesie (OTHOCUTENbHAs BIAKHOCTE 98 %):
1 —In,O5 - Pt; 2 — In,0; — Pd; 3 — In,0;4; 4 — In,0; — Au.

PaGouast Temneparypa cencopos 325 °C
Fig. 4. Dependence of the output signals of the sensors on the concentration
of acetone vapors in a humid air environment (relative humidity 98 %):

1 —In,0; — Pt; 2 —In,05 — Pd; 3 — In,05; 4 — In,0; — Au.

The operating temperature of the sensors was 325 °C
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Tabnuna 1
H3meHeHue BBIXOAHBIX cUTHAJIOB (AG) ceHcopoB Ha ocHoBe In,0; n SnO,
IIPH ONpeIeIeHIH MAPOB aleToNa ¢ KommenTpammeii 3,0 - 107 n 1,8 - 107 06. %
Table 1
Change in output signals (AG) of sensors based on In,O; and SnO,
by determining acetone vapor with concentrations of 3.0 - 10~ and 1.8 - 10~* vol. %
Cencop In,0; —Au In,04 In,0; —Pd In,0; — Pt SnO, — Pt SnO, SnO, —Au | SnO,—-Pd
AG 53 2,1 1,3 0,8 2,5 2,0 1,8 0,8

W3 nannbix Tabm. 1 cinemyer, 4To Haubolee MPEANOYTHTEIBHBIMU JUTSL PETHCTPAIMU U3MEHEHUH HU3KHX
KOHICHTPALUH alleTOHa ABILAIOTCS ceHcopsl In,O; — Au u SnO, — Pt.

CTOUT OTMETHUTD, YTO MPE/ACTaBICHHBIC BBIIIE 3aBUCUMOCTH IIApaMeTPOB CEHCOPOB OT BBEACHHBIX 100aBOK
(cm. puc. 3 u 4) HaOMIOMAIOTCS TOJIBKO MPHU OMPEISICHIN HU3KIX KOHIIEHTPAIMH arleToHa U pabodeii Temre-
parype cencopoB 325-335 °C. [Ipu noBsimieHn# padbodeit TemMreparypbl CEHCOPOB I YBEITUYEHUH KOHIICH-
Tpauuu anerona 10 1 - 10°—5 - 10~ 06. % H3MeHEHHE MapaMeTPOB CEHCOPOB MPH BBEICHUH AKTHBUPYIOIIHX
N00aBOK CTAHOBHUTCS UHBIM. TaKue pa3iinyus MOTYT OBITh CIIEZICTBMEM BIMSHUS BIard Ha ITapaMeTphl CEHCOPOB
[P HU3KOM KOHIIEHTpPALMK aleToHa. Bo3MokHa KOHKypUpYOLas aacopOuus MOJIEKYJl BOAbI U alleTOHa Ha
OJTHUX U T€X K€ aKTUBHBIX IIEHTpax, YTO M CHUXAeT YyBCTBUTENBHOCTH K alleToHy. Panee yctanosieHo [16],
4TO BIMSHME BJIAard HA MapaMeTpsl CEHCOPOB Ha ocHoBe In,O; MuHMMAaNEHO B ceHcopax In,O; — Au. Ilonu-
3UTh BIMSHUE BJIard MOXKHO HOBBIIICHHEM paboueii TeMIlepaTypbl CEHCOPOB U yBEJIMUEHUEM KOHLECHTPALUU
aHaym3upyemoro rasa [16].

[TapameTpsl ceHCOPOB, OTYUYEHHBIE IPU OTIPEIETICHNH PA3INYHBIX KOHIIEHTPALINH alleTOHa, TPEICTaBICHbI
B Ta0J. 2. OTU W3MEPEHUsI BBHIIIOJIHEHBI B LESX CPABHEHUSI CBOWCTB MOIYUYEHHBIX CEHCOPOB CO CBOHCTBaMHU
M3BECTHBIX aHAJIOTOB, ONIMCAHHBIX B TUTEpaType (cM. Tal. 2). Bo MHOIHX MyOIHKaHUsIX TPUBOAATCS 3HAYCHUS
BBIXO/IHBIX CUTHAJIOB JJIsl KOHLIEHTpAIH alleToHa S - 107 06. %.

Tabnuma 2
I[IapaMeTpBbI CEHCOPOB, NOJIyYeHHbIE IIPH ONpele1eHUU
Pa3JIMYHBIX KOHIEHTPALMIi aneToHa
Table 2
Sensor parameters obtained
by determining various acetone concentrations
Cencop Cpp - 1074, 06. % — Cauei;O:THS. .exl[b’% 06. % G, otH. efl./ Cyeron - 107*, 06. %| Tum cencopa Hcrounnx
SnO, 0,5 12,0 10,0/10 [Tnanapusbiii | lanHas pabora
SnO, — Pd 0,3 35,0 7,7/10 » »
SnO, — Pt 0,6 80,0 24.5/10 » »
SnO, — Au 0,2 16,0 16,0/10 » »
In,0, 0,07 32,0 23,0/10 » »
In,O,—Pd 0,06 26,0 18,0/10 » »
In,0; — Pt 0,05 75,0 38,0/10 » »
In,0; —Au 0,02 80,0 38,0/10 » »
SnO, — Au 5,0 30,0 - TyOycHbrid [17]
SnO, 1,0 12,0 - [Tnanapuselit [18]
SnO, —Au 1,0 71,0 27,0/20 » »
SnO, — Pd 1,0 42,0 10,0/20 » »
SnO, — Pt 0,6 - 23,0/1 » [19]
In,0O, 1,0 29,8 - TyOycHbIi [20]
In,O; —Au - - 42,0/5 » [21]
In,0; — Pt 0,01 - 6,2/1; 15,2/5 » [22]
In,0; - Pd 1,0 - 30,6/100 » [23]
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W3 npencraBneHHBIX B Ta0M. 2 JaHHBIX CIEYET, YTO TPH MOBHIIICHUN KOHIIEHTPAIIMHU alleTOHa MO UIIN-
pyromme 100aBKH BIUSIIOT HA BBIXOJHON CHTHAJl CEHCOPOB MHBIM 00pa30M B CPAaBHEHHH C PACCMOTPEHHBIMHU
BBIIIIE Pe3yNbTaTaMy U HU3KUX KOHIIEHTpPAIMi arleToHa. B ciyyae ¢ TnoKcHI0M 0J10Ba Bce T0OABKH TTOBBI-
10T BBIXOJIHOW CUTHAJI CEHCOPOB IPH OIPEJICIIEHNH MapoB alleToHa. B To ke BpeMsl HaHeceHHe MajuIaus
HE TOBBIIIAET BBIXOJHOM curHain ceHcopos In,O; — Pd. Otkauk ceHcopos In,O; — Pt Bo3pacTaer npumepHo
B TOH K€ Mepe, UTO U OTKJIMK HauboJiee 4yBCTBUTENIbHOIO ceHcopa In,O; — Au. CeHcopbl Ha OCHOBE OKCHJa
WH]IUS C ,I[O6aBKaMI/I Auwn Pt CTAHOBATCA HauboIee ePCIeKTUBHBIMU JIJIs OTIPEIEIeHUS] KOHIICHTPAIIUH aIlleTOHa
B muanasone 1 - 10°-5 - 107 06. %. [To mapamerpam cencopst In,O; — Au i In,O; — Pt IpeBOCXOIAT H3BECTHBIE
KOMMepuecKue ceHcopsl Ha ocHoBe SnO, — Pd [5].

Hcxons m3 cpaBHUTENBHBIX JaHHBIX, MPEACTABICHHBIX B Ta0M. 2, MOXHO 3aKIFOYNTh, YTO, HECMOTPS Ha
CYIIECTBEHHBIC PAa3JIMuMsl B METOAMKAX CHHTE3a MaTepUaloB, CBOMCTBA pa3pabdOTaHHBIX CEHCOPOB Ha OCHOBE
JTMOKCHUJIA 0JIOBA U OKCH/IAa MH/IUSA C TOOABKaMU 10 BEIMYMHE BHIXOHOTO CUTHAJIA COTIOCTABUMBI C I3BECTHBIMU
U3 IUTepaTypbl aHanoraMu. OHAaKO KOPPEKTHOE CPAaBHEHUE XaPaKTEPUCTHK CEHCOPOB C MOTUPHUITPYIOIIUMHU
nobaskamu Au, Pt, Pd 3aTpynHeHo BeiieicTBIE HENOMHBIX AaHHBIX, IPUBEACHHBIX B INTEPATYPE, a TAKKe N3-3a
HEOJMHAKOBBIX THUITOB HCITOJIF30BAaHHBIX CEHCOPOB.

Habnromaemble 3aBHCHMOCTH B U3MEHEHHH CBOMCTB M3TOTOBJICHHBIX CEHCOPOB HE BCErJa MOKHO OObscC-
HUTH UCXOJISl M3 UMEIOIUXCS TAHHBIX O CBOMCTBAaX OKCHIOB M MEXaHWU3MaX JETEKTUPOBAHUS alleToHa. JKC-
NepUMCHTAIbHBIC JJAHHBIC YacTO JAar0T OoJiee CIIOKHbBIC 3aBUCHMOCTH, YEM 3TO BBITEKAET M3 AIIEMEHTAPHBIX
AJNIEKTPOHHBIX TMPEJICTABICHUH O MMOBEPXHOCTH, YTO CHIDKAET MPOTHOZUPYIOIIYIO CIIOCOOHOCTH AIIEKTPOHHON
TEOpPHUH B OTHOIICHUN 3aKOHOMEPHOCTEH oA00pa ONTHUMAIBHBIX COCTABOB M CTPYKTYPbI MarepuaiioB. O1HaKo
MOJKHO BBICKa3aTh HEKOTOPBIE MPEAIONOKEHHS O BIUSAHUN XMMHUYECKON NMPUPOIBI OKCUAA U aKTUBUPYIOIIEH
JI00aBKH HA CBOMCTBA CEHCOPOB MPH ONPECIICHIH alleTOHA.

YuuTeIBasi CXOACTBO MEXaHU3MOB ICTEKTUPOBAHUS 3TAHONA U arleToHa [24; 25], BRICOKYIO YyBCTBUTEILHOCTD
OKCH/Ia HH/IUS K alleTOHY MOJKHO OOBSICHUTH HAa OCHOBAHUU TEX JIAHHBIX, KOTOPBIE TIOTYYEHBI P JETEKTHPO-
BaHUM 3TaHOJa. ['a304yBCTBUTENBHBIE CBOMCTBA OKCH/IA MHINS OTPEETISIOTCS IByMsI CTPYKTYPHBIMHU (haKTo-
pamu. [lepBblil hakTOp — JTETKOCTH N3MEHEHUSI CTETIEHN OKUCIICHNSI aTOMOB UHJIUS B SHaUTENbHBIX Mpenenax
63 CTPYKTYPHOII [IepEeCTPOIiKH 1 MPOTEKAHHUS YIEKTPOHHOro 06MeHa Mexkny Humu: In®* < In™ + In** [26].
Bropoii ¢hakTop — HamMuue B OKCUIE WHMS, TIOyYEHHOM 30J1b-TelIb METOJIOM, KOMIUIEKCHBIX JIC()EKTOB CTPYK-
TYpbl B BUJIC KHCIIOPOAHBIX BaKaHCHH, B3aNMOJIEHCTBYIOIINX C YACTHYHO BOCCTAHOBIEHHBIMU COCTOSTHUSIMHU
uaaus (In*, In*) [14; 15; 27].

[TomoGHBIE nedexTh! ABISFOTCS 3 ()EKTUBHBIMU IEHTPAMH a/ICOPOIIMU U KaTaIH3a, TPOTEKAFOIIETO 0 aCCo-
[IUAaTUBHOMY MEXaHU3MY Yepe3 00pa30BaHNe MPOMEKYTOUHBIX KOMITJIEKCOB U3 afICOPOMPOBAHHBIX MOJIEKYI ra3a
u kuciopoza [28]. Takol MexaHM3M KaTaIUTHYECKOTO OKUCICHHS Ha OKCHIaX XapaKTepeH [T MOJIEKYJI MHOTHX
oprannveckux Bemiects [29; 30]. ITo TakoMy MeXaHW3MY TIPOUCXOIUT ACTCKTUPOBAaHNE aneToHa [5—7; 24]. Jlo-
Ka3aHO TEOPETHUYECKUMHU pacyeTaMM M TOATBEPKJI€HO 3KCIIEPUMEHTAIbHO, YTO NIEPBOHAYAIBHO MPOUCXOIUT
KOOPJIMHAIUS MOJIEKYJI KETOHA Ha MOHAX OJIOBa KHCIOPOAOM KapOOHWIBHOU rpymmsl [28; 29], 3a koTopoit
cieayeT HykiieouabHas araka coceHel THAPOKCUIBHOM IPyIITbl HA aTOM KapOOHHMIIBHOTO YIIIepoia U
OKHUCJICHHUE C y4acTHEM aKTUBHOTO Kuciopona O [24; 29]:

CH;COCH,; + O" — CH;CO'CH, + OH +e,
CH,COCH; + OH™ — CH,COO + CH;0O".

IToKa3aHO, YTO AKTUBALIMS KHCIOPOJA B CITydae C OKCHIOM HH/IUS BO3MOYHA Ha HoHaX In”" B KOOpAHHAIMH
C KUCTIOPOJIHBIMU BakaHcusMu [27].

[ToBbIIEHME TyBCTBUTENFHOCTH TIPU BBEJCHUH 30JI0Ta B OKCHJIHBIE MaTEpHajbl CBSI3aHO C €r0 y4acTHeM
B aKTHBAllMM aICOPOLIMH U KaTanu3a, a TaKKe BIMSHUEM Ha COCTOSHHE MOBEPXHOCTH OKCHJA, B TOM UYHCIIE
Ha cojiep)KaHne TUAPOKCHIBHBIX rpyni [13]. BousHME CTPYKTYpHI, 3JEKTPOHHOTO COCTOSHUS TTOBEPXHOCTH
OKCH/Ia ¥ HAHOYACTHII 30J10Ta Ha Ta30BYI0 YYBCTBUTEILHOCTH 10 OTHOIICHHIO K 9TAHOITy UCCIIEJ0BAHO B pabo-
Tax [15; 26]. AKTUBHOCTB 30JI0Ta MPOSBIIAETCS NIPY CTAOMIM3aIMK B HaHOpa3MepHoM coctosiau [31]. CunpHOE
CBSI3bIBAHUE HAHOYACTHI[ AU C OKCHJIHOW MaTpHIeH cO3/1aeT aKTUBHbBIC B a/ICOPOIIMU MeCTa 110 IePUMETpPY
Au/MeO, [13; 14; 27]. Takoe B3auMOJEHCTBUE HAHOYACTUI] AU C OKCHIOM HHJUS CUIIBHEE, YEM C IUOKCHIOM
0JIOBA, YTO OOBSACHAETCS 0COOEHHOCTIMH KPUCTAITMYECKOM CTPYKTYpPBI OKCHIOB. [ImaTiHa Takxke MOXeT cTa-
OMIM3MPOBATHCS HA MOBEPXHOCTH OKCH/IA MH/IUS B PA3IMYHBIX CTETEHIX OKUCIIEeHUs [32], 4To 00yCcIOBIMBaET
TTOBBIIIICHUE YYBCTBUTEIILHOCTH CEHCOPOB K ITapaM areToHa.

3akaueHmne

Pesynbrarsl ucciaej0BaHHS MMOKA3aJH, YTO CEHCOPHI Ha OCHOBE CHHTE3MPOBAHHBIX 30JIb-T€JIb METOIOM
OKCHIOOB Sn02 u Il’l203 HUMCIOT BBICOKYIO UYBCTBUTCIIBHOCTh K HU3KHMM KOHLCHTpALUAM all€TOHA BO BJIAXK-
Hoii cpene. [loGaBnenne HeOompioro xkonmgyecrsa nonoB Au(Ill) (0,5 mac. %) B 30116 THAPOKCHIA UHIUS HITH
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nanecenue Pt(IV) (1,0 mac. %) Ha MOMUKPUCTATUTMYSCKUN TUOKCH]T OJI0BA IMOBKINIAET KaK MOPOTOBYIO UYBCTBHU-
TEJIBHOCTh, TaK M OTKJIUK ceHCOpoB In,O; — Au u SnO, — Pt B IMpoKOM HHTEpBaJe KOHLEHTPALUN alleTOHA.
[ToBbIIIeHHE YyBCTBUTEIHLHOCTH CEHCOPOB MPHU BBEJCHUHU JT0OABOK 30J10Ta W IIATHHBI 00YCIIOBICHO CTa0u-
nu3anyel meHTpoB Au u Pt mo nepumerpy KOHTaKTa ¢ OKCHIHOW MaTpHIleii, KOTOpPbIe aKTUBHBI B aJICOPOLIMU
Y KaTaJIMTHIECKOM OKUCIICHUH alleToHa. BbIcOKast 4yBCTBUTENLHOCTD YKa3aHHBIX CEHCOPOB MO3BOTIACT HAZEHKHO
PErHCTPUPOBATH H3MEHEHHE KOHIIGHTPALNH arieToHa B nuTepane 1,8 - 107°=3,0 - 107* 06. %, uto Heo6X0MIMO
JUIA TUArHOCTHUKHY 3a00JIEBaHUSA THA0ETOM.
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CHUHTE3 OBTEKTUYECKHUX CIIAABOB Sn — Ag
N Sn — Ag — Cu BE33AEKTPOAN3HBIM OCAJKAEHUEM
N3 IMIMPOPOCHATHBIX PACTBOPOB
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Jlerxkomnagkue crutasel Sng, ;Ags 3 1 Sngy (Ag, sCu; , BOCTPEOOBaHbI B KAYECTBE IPUIIOEB B COOPKE U3/IENHI JIIEKTPOH-
HOW TexHUKH. Pa3zpaboTaH nMpocToil MeTos 0e33IEKTPOIM3HOTO OCAXKCHHUS TAKMX CIIaBOB (B Mac. %) U3 BOAHBIX MUPO-
(hocdarubx pacTBopoB. MeTon ocHoBaH Ha BoccTaHoBneHnH noHOB Ag(l) m Cu(Il) mopomrkom omoBa. @a30BEIif cocTaB
crutaBa Sngy ,Ags 3 BKIIOYAET KpuCTanaeckue (asel 3-Sn, Ag;Sn, a $hasoseiii cocTas cmuiasa Sng, gAg, sCu;, — B-Sn,
Ag,Sn, CuySns, 4TO COOTBETCTBYET COCTABY 3BTEKTUK. OTpeaeneHo, uTo IuIaBieHne OMHAPHOTO U TPOWHOTO CIIJIaBOB Ha-
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SYNTHESIS OF Sn — Ag AND Sn — Ag — Cu
EUTECTIC ALLOYS BY ELECTROLESS DEPOSITION
FROM PYROPHOSPHATE SOLUTIONS
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To obtain low-melting alloys (in wt. %) Sny, ;Ags ; and Sny, (Ag, sCu, , used as solders for microassembly of elec-
tronic devices, simple method of electroless deposition from pyrophosphate solutions has been developed. The method
is based on the reduction of Ag(I) and Cu(II) ions with tin powder as a reducing agent. Sny, ;Ags ; and Sny, yAg, ;Cu, ,
alloys include crystalline phases of B-Sn, Ag,Sn and -Sn, Ag,Sn, Cu,Sns respectively, which corresponds to the phase
composition of the eutectics. It has been revealed that binary and ternary alloys begin to melt at a temperature of 200 °C,
but the melting occurs in two stages. This is due to the structure of particles with tin core and Sn — Ag or Sn —Ag — Cu
alloy shell. It has been found that copper co-deposited into the alloy participates in the contact displacement of Ag(I) ions.

Keywords: contact displacement; alloy; tin; silver; copper; eutectic; pyrophosphate electrolyte; phase composition;
side processes.
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Introduction

Eutectic alloys containing tin, silver and copper (SAC) are widely used in microassembly of electronic
devices due to the low melting temperature (217-221 °C), resistance to thermal cycling in a wide temperature
range (from —75 to +160 °C), good compatibility with a number of metal coatings [1]. For example, SAC of
different compositions are used for mounting power transistor crystals and for the replacement of FTO/ITO in
solar cell assembly [2; 3]. The compositions of SAC alloys in demand in electronics are the following (in at. %):
SAC-305 (Sngs ,Ag; 5Cuy ), SAC-405 (Sny, ,Ag, 4Cuy ) and SAC-396 (Sny, yAg; ;Cu, o). The alloys include
crystalline phases of B-tin, Ag;Sn, Cu,Sn, [1; 2; 4; 5]. Depending on the assembly technology alloys are used
in the form of blanks (foil, wire), coatings, powders [1; 4; 5].

Alloy blanks are obtained by melting of high-purity metals in the required quantities [6]. SAC alloys coatings
can be electrochemically formed in aqueous solutions as the result of layer-by-layer metal plating or co-reduction
of Ag(I), Cu(Il), Sn(II) [7]. However, the layer-by-layer metal deposition requires subsequent heat treatment to
homogenise the composition of the alloy. The simultaneous electrochemical reduction of Ag(I), Cu(Il), Sn(II)
is characterised by a low reproducibility of the alloy composition as the result of a number of side processes.
They involve the reduction of Cu(Il) and Ag(I) with Sn(II) in the bulk of solution due to a large difference in
electrode potentials of the metals and Sn(Il, IV) hydrolysis followed by the inclusion of resulting oxo- and
hydroxocompounds of tin into the growing coating.

Ultra- and nanostructured powder alloys commonly used as catalysts can be obtained by co-reduction of
Ag(I), Cu(Il), Sn(Il) in aqueous and non-aqueous solutions using ethanol or ethylene glycol as the solvents
containing sodium borohydride as the reducing agent in the presence of stabilisers (for example, polyvinylpyrro-
lidone) [8—11]. As it is shown in the work [12] the synthesis of SAC using microemulsion allows one to obtain
powders consisting of 10 nm particles. Resultant alloys are characterised by the melting temperature equal to
183.6 °C that is lower as compared to the eutectic alloy.

To obtain binary powder alloys such as Sn — Cu or Sn — Ag with a required composition and properties close
to the eutectic, the method of contact displacement (CD) has been developed [12; 13]. This method is based
on the reduction of more noble metal ions such as Cu(Il) or Ag(I) with an active metal powder, which is tin:

2Ag" + Sn’ — Sn** + 2A¢",
Cu** + Sn” — Sn** + Cu’.

The aim of this work was to synthesise Sn — Ag and Sn — Ag — Cu powder alloy, similar in composition to
SAC, using the reaction of Ag(I) and Cu(II) ions reduction with tin in pyrophosphate solutions, and to identify
side processes that can affect the composition of the alloys.
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The choice of the CD solution was based on the known recommendations on the composition of electro-
lytes for electrodeposition of Ag, Cu and Cu — Ag alloy coatings [14—17]. Thus, for the synthesis of powdery
binary and ternary alloys with low melting temperatures, the authors of this manuscript used a pyrophosphate
solution in which Cu(II) and Ag(I) ions are bound into CuP,03 (K, = 10*%"), Cu(P,0,)% (K, = 10"*""),
Ag(P,07); (Ko, = 10*") complex ions [18]. The possibility of Cu(Il) and Ag(I) reduction in pyrophosphate
solutions with tin and its oxidation with the formation of [Sn(PZO7)]2+ (Kap = 10" complex ions has been
shown previously in the work [19]:

2Ag(P,0.)) + Sn’ — 2A¢" + Sn(P,0,)* + 3P,07, (1)
Cu(P,0,)5 + Sn” — Cu’ + Sn(P,0,)* + P,01". ()

Materials and methods

The pyrophosphate aqueous solution used for CD includes 0.005 5 mol - dm > AgNO,, 0.001 6 mol - dm ™ CuSO,,
0.125 mol - dm K,P,0, 0.003 mol - dm > NH, (pH 10.0). In order to provide the content of silver in the alloy
to be 68 times higher than copper quota, the concentration of Ag(I) in the solution was 3.4 times greater than
that of Cu(II). To study the CD in the Ag"/Sn and Cu”*/Sn binary systems, solutions with only Ag(I) or only
Cu(II) were used.

Ag(I) and Cu(Il) ions were reduced with tin powder (99.9 wt. % Sn, particle size 10-20 pm) in the described
above solutions for 2-20 min, after which the resulting powder was separated from the solution by decantation,
washed with distilled water in argon current and dried at 20 °C in argon atmosphere.

The morphology of the surface of powder particles, the shape of the particles, and their sizes were studied
using scanning electron microscopes (SEM) LEO-1420 and LEO-1455VP (Carl Zeiss, Germany). The elemental
composition of the alloys was determined by X-ray microanalysis using scanning electron microscope LEO-1420
with energy dispersive X-ray (EDX) analyser Rontec (Carl Zeiss) and spectrometer Elvax Light SDD (Elvatech,
Ukraine). Synthesis of the alloy powders and the analysis of their compositions were carried out at least 5 times,
the mean square error of determination was 3 %. X-ray diffraction (XRD) analysis was performed with X-ray
diffractometer DRON-3 (Innovation center «Bourevestniky», Russia) using CukK, radiation. Joint Committee on
Powder Diffraction Standards card files were used for phase identification.

The melting points of alloy powders were determined by differential scanning calorimetry in the inert at-
mosphere (nitrogen) using thermal analyser Netzsch STA 449C (Germany), the heating rate was 10 K/min,
weight of powders 0.03 g.

In order to reveal processes accompanying the CD reaction used for the alloy synthesis a change in the values
of open circuit potentials (OCP) during the treatment of copper, silver or tin foil (99.9 wt. %, area 0.25 cm?)
working electrodes in the solutions with different composition were analysed. Measurements were carried out
in three-electrode cell using Autolab PGSTAT204 (Metrohm, Netherlands) potentiostat with saturated Ag/AgCl
reference electrode and platinum auxiliary (counter) electrode. Before the analysis, copper or tin working
electrodes were treated in 5 % hydrochloric acid solution, while silver electrode was treated in 5 % ammonia
solution to remove oxides from their surface, followed by washing with distilled water. OCP measurements
were carried out in the solutions of the full composition, as well as in the solutions free of one or both of the
metal ions to be reduced.

Results and discussion

The elemental analysis has evidenced that the content of metals in the synthesised binary and ternary alloys
exhibits only a little change with an increase in the CD duration from 2 to 20 min (see table). After 2 min of the
CD process Sn — Ag — Cu ternary alloy contains 5.5 wt. % Ag and 0.3 wt. % Cu. As the CD duration increases
up to 15 min the quota of copper in the alloy reaches 1.2 wt. %. Silver content in the binary Sn — Ag alloy is
4.0—6.6 wt. %, while the copper quota in the binary Sn — Cu alloy is 0.3—0.5 wt. %, which is 13.3 times less
than the silver content in Sn — Ag alloy. The latter fact can be explained by a significant difference in the values
of K, of Ag(P,0,), and Cu(P,0,)$” complex ions [18].

The data provide an evidence that in the absence of Cu(Il) or Ag(l) in the solution, the rate of Ag(l)
and Cu(II) reduction is close to the simultaneous Ag(I) and Cu(Il) reduction.

According to the results of X-ray diffraction analysis Sn — Ag alloy includes crystalline phases of 3-Sn and
Ag,Sn (fig. 1, ¢). Two crystalline phases of 3-Sn and CuSn, have been identified in the Sn — Cu alloy (fig. 1, ).
The ternary alloy includes crystalline phases of Ag,Sn and Cu,Sn; intermetallics and B-Sn (fig. 1, @). It should
be noted that oxides were not detected by X-ray phase analysis. In the case of initial tin powder an oxide layer
thickness does not exceed 2 nm and cannot be detected by XRD analysis.
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Elemental composition of Sn — Ag — Cu, Sn — Ag,
Sn — Cu alloys, wt. %

CD duration, min Sn Ag Cu
Sn—Ag-Cu
2 942+0.9 5.5+0.1 0.3+0.1
942 +09 5.1+0.1 0.7+0.1
7 94.1£0.9 5.1+0.1 0.8+0.1
10 942 +£0.8 5.0+0.1 0.8+0.1
15 94.0+£0.9 4.8+0.1 1.2+0.1
Sn—Ag
96.0 £ 0.8 4.0£0.1 —
7 93.4+0.9 6.6 £0.1 —
10 94.7+0.9 53+0.1 —
20 953109 4.7+£0.1 —
Sn—Cu
99.5+0.9 - 0.5+0.1
99.6 £0.9 - 04+0.1
10 99.7+£0.9 - 0.3+0.1
20 99.6 £0.8 - 04+0.1

Intensity, a. e.

40 60 80

—B-Sn Ag;Sn - - - Cu,Sn,

Fig. 1. XRD-pattern of the powders:
a — Sngy Ag, sCuy 3 b —Sngy sCuy 53 ¢ — Sngy 7AZs 5

It has been revealed that the melting of binary and ternary alloys occurs in two stages. The first stage starts
at 200 °C, that is consistent with the data given in literature [1], the second stage begins at 226 °C (fig. 2). The
latter fact can be explained by the peculiarities of the structure of particles, the thin core of which consists of
tin, while their shell consists of an alloy of tin with silver or tin with silver and copper.
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Fig. 2. Differential scanning calorimetry curve for Sny, ;Ags 5 (@)
and Sny, yAg, (Cu, , (b) alloys
SEM study showed that tin powder consists of spherical or oval particles ranging in size from 0.4 up to
25 um with rather smooth surface, on which there are the single, sparsely located tubercles having 0.3—0.5 pm in
diameter (fig. 3, @). Tin particles do not change their shape and size during the treatment in pyrophosphate solu-
tion containing Ag(I) ions, but the surface of particles becomes more rough within the nano-scale (fig. 3, b, e).
The microprobe analysis (fig. 4), as well as SEM images obtained in the compositional mode (fig. 5), indicate
that during the CD a thin discontinuous silver-containing film is formed on the surface of tin particles, with the
uneven distribution of silver over the surface. According to the results of elemental analysis, the concentration
of silver on the surface of tin particles ranges from 2 to 30 wt. % (see fig. 4, a). This is consistent with the XRD
data, evidencing that the reduced silver incorporates into the Ag,Sn crystalline phase.
The treatment of tin powder in pyrophosphate solution containing Cu(Il) ions does not affect the shape and size
of the initial particles, but their surface becomes covered with uniformly distributed low-contrast nuclei having
70—-100 nm in size (fig. 3, d), which consist of Cu Sn; intermetallic compound according to XRD analysis.

b c
d e

a

Fig. 3. SEM images of powders:
a—Sn; b, e = Sng, 7Ags 5 ¢ — Shgy )Agy gCU, 3 d = Sngg sCu 5.
Duration of tin powder treatment in pyrophosphate solutions:
a—2min; b— 15 min; ¢, d, e — 20 min
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The surface of tin grains becomes nanorough already within 2 min of the treatment in pyrophosphate solu-
tion containing both Ag(I) and Cu(II) ions, just as it happens during the processing in the solution with only
Ag(l) ions. Further, with an increase in the treatment time to 20 min, the surface morphology of the parti-
cles does not change (fig. 3, ¢). In addition, contrast particles with a diameter of 0.2—0.3 um appear, during
the CD of Ag(I) ions (see fig. 4, b). At the same time, low-contrast nanoparticles 70—100 nm in size are ob-
served on tin surface, which are similar to those formed during the treatment of tin powder in Cu(Il) containing

pyrophosphate solution (see fig. 4, b).

a
Sn
=X
E
=90
2
g
& 80
2
70
0 1 2 3 4 5 6 7
Length of line, pm
Ag
230
E
£20
S
£
2 10
<
=
0
0 1 2 3 4 5 6 7
Length of line, um
b
Sn
c\°_ 98-
2 g
d
=]
";E 94
fl
G 92
<
0 020406081012141.61.820222426283.03234363.840
Length of line, pm
Ag
x
4§ 8
£
&
” /
£ 23/ VA A A A
0

0 02040608 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Length of line, pm

Cu

<12
E 1.0
£ 0.8
S

5 0.6
2 04
S 02

0 02040608 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Length of line, pum

Fig. 4. Local elemental analysis of alloys along the scanning line:
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The local elemental analysis using EDX evidenced that the appearance of copper-containing particles on the
tin surface does not affect the distribution of silver over the surface. Copper is distributed on the surface of tin
particles more evenly than silver (see fig. 4, b; fig. 5, £, /). The entire picture does not change with an increase
in the treatment duration in this solution up to 20 min. A parallel reduction of Ag(I) and Cu(Il) ions on the tin
surface occurs, and it ends at the stage of the formation of thinnest film of disparate nanoparticles of two inter-
metallic compounds on the surface of tin grains.

b

Fig. 5. SEM images of the alloy powders

Sng, ;Ags 3 (a — ¢), Sngg (Cuy 5 (d = f), Sngy gAgy sCuy 5 (g —))
in topographic mode (a, d, g) and in compositional mode (b, ¢, e, f, h — )

Along with the main CD reactions (1) and (2), several side processes occur during the synthesis of the
alloys in pyrophosphate electrolyte that involve: (i) copper oxidation due to its ability to reduce Ag(l) ions as
evidenced by the calculated values of electrode potentials under conditions used (Cu(P207)g_/CuO) =-0.16V,
E(Ag(P207);_/AgO) = 0.34 V); (ii) tin oxidation in alkaline media according to data of the works [20; 21];
(ii1) passivation of freshly deposited copper due to its oxidation with oxygen dissolved in the water with the
formation of slightly soluble pyrophosphates [22]:

Cu’ + 2Ag(P,0,)] — 2Ag" + Cu(P,0,)$ + 2P,0%, 3)
2Sn + 4H,0 + P,07” — Sn,P,0,| + 40H + 2H,, 4)
2Cu + O, + P,O7 + 2H,0 — Cu,P,0,| + 40H . (5)

To detect these side processes, the dependences of the OCP on the duration of tin, copper and silver working
electrodes treatment in the solutions of different composition were studied (fig. 6).

The OCP of the copper working electrode in the supporting solution free of Cu(Il) and Ag(l) ions in-
creases by 0.023 V (from —0.328 to —0.305 V) during 300 s, after which it remains unchanged (see fig. 6, a,
curve 4). In the Cu(Il)-containing solution the OCP similarly increases by 0.024 V from —0.316 to —0.292 V (see
fig. 6, a, curve 3). The increase in the OCP of copper electrode in the supporting solution and in Cu(Il)-contain-
ing solution can be explained by the oxidation of copper with the formation of slightly soluble pyrophosphates
(reaction (5)) or copper oxides blocking the copper surface. It explains the invariance of the OCP value after
300 s processing. The OCP of copper electrode in solutions containing only Ag(l) ions (see fig. 6, a, curve 2)
or both Ag(I) and Cu(Il) ions (see fig. 6, a, curve I) decreases by 0.05 V during the first 20 s. This effect is due
to the occurrence of the CD (reaction (3)). Then OCP of copper electrode increases and approximately at 100 s
after the immersion acquires the value of the initial potential; further slight increase of electrode potential is
observed as the result of copper surface passivation.
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Fig. 6. Time dependence of OCP (electrodes: a — Cu, b — Sn, ¢ — Ag).
The time scale corresponds to the duration of treatment in the solutions:
1 — Ag(I) and Cu(Il); 2 — Ag(I); 3 — Cu(Il); 4 — supporting solution

The OCP of tin electrode in the supporting solution (see fig. 6, b, curve 4) decreases by 0.020 V within 40 s,
that can be due to reactions of tin with pyrophosphate ions (reaction (4)) and oxygen dissolved in the solution.
After tin electrode treatment for 40 s in the supporting solution, the OCP ceases to change, that can be addressed
to passivation of tin surface with the formation of Sn(Il, IV) oxides. The treatment of tin electrode in Cu(II)
containing solution for 200 s results in the increase in OCP by 0.220 V due to the reaction (2) (see fig. 6, b,
curve 3). In contrast, OCP of tin rises by 0.022 V within 4 s treatment in the solution containing Ag(I) and Cu(II)
ions (see fig. 6, b, curve 1), the latter can be attributed to the simultaneous occurrence of reactions (1) and (2).

In the solution containing Ag(I) ions OCP of tin changes only by 0.022 V during the first 60 s (see fig. 6, b,
curve 7). It follows that CD reaction in the Sn/Cu?" system proceeds more intensively in comparison with the
Sn/Ag" system. The simultaneous presence of Cu(IT) and Ag(I) ions in the solution suppresses the reduction of
Cu(Il) ions with tin powder.

The OCP of silver electrode in the solutions of different composition does not change with processing time.
This fact indicates that CD does not occur in the Ag/Cu®" system (see fig. 6, ¢, curves 2, 3) and silver surface
remains not passivated.

An additional experiment was undertaken to reveal the reason of passivation of copper and tin surfaces.
Copper and tin foils were treated in 5 % solution of hydrochloric acid and then immersed in the pyrophosphate
solution free from Cu(Il) and Ag(I) ions for 20 min. Then the foils were rinsed in distilled water and air-dried.
XRD analysis of the foils surface did not reveal the presence of Cu,P,0-, Sn,P,0-, as well as oxides of Sn(Il or I'V)
or silver, that may be due to the formation of too thin films not detected by this method of analysis.

Conclusions

Simple method of obtaining powders of binary Sn — Ag and ternary Sn — Ag — Cu alloys has been developed,
using the reaction of Ag(I) and Cu(Il) contact displacement with tin in pyrophosphate solutions. It has been
established that simultaneous reduction of Ag(I) and Cu(II) from their complex pyrophosphate compounds with

20



OpurnHajibHble CTATHH
Original Papers

tin powder ensures the formation of Sny, ;,Ag, ;Cu, , alloy containing 3-Sn, Ag;Sn, Cu,Sn; crystalline phases.
The contact displacement of Ag(I) with tin powder in pyrophosphate solution yields a powder of Sny,-Ags 5
alloy consisting of B-Sn, Ag,Sn phases which corresponds to the eutectic Sn — Ag alloy.

The melting of binary and ternary alloy powders occurs in two stages, the first stage starts at 200 °C, while
the second one begins at 226 °C. The reason of two-stage melting is the heterogeneous structure of particles
consisting of tin core and Sn — Ag or Sn — Ag — Cu alloy shell.

It was found that the process of Sny, -Ags 5 and Sny, ;Ag, sCu, , alloys formation is accompanied by contact
displacement of Ag" ions with copper freshly deposited on the surface of tin particles.
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N3YYEHUE OCOBEHHOCTEN ®OPMHPOBAHMS BA3bI 2P/RS
B AAIOMOHMKEAATAX Sr;Ni, _ ALO, _; (0,5 < x < 0,75)

H. M. XAPTAMOBA, /I. B. MAXHAY?, A. E. YCEHKO?,
E. B. KOPOBKOV, B. B. IAHbKOB®

1)HHcmumym menno- u maccooomena um. A. B. Jlvikosa HAH Benapycu,
ya. Il Bpoexu, 15, 220072, 2. Munck, benapyco
D Benopycckuii 20Cy0apcmeentblil YHUGEpCUment,
np. Hezasucumocmu, 4, 220030, e. Munck, benapyce

Wzyuensl ocobeHHOCTH (hOpMUPOBAHNS KPUCTAIUTNYIECKOM CTPYKTYpHI (haszel 2P/RS (P — cioii meposckuTa, RS — cinoit
KaMEHHOIl COJIM) U ONpe/eseHbl ONTHMalIbHbIE YCIOBHUS CHHTe3a 3TOH (a3bl B TBepAbIX pacTBopax SrsNi, Al O,
(0,5 < x £0,75). [lokazaHa posb MPOMEKYTOUHBIX OKCHUIHBIX COSIUHEHHH, 00pa3yIOMINXCs Ha CTa/INH, MPEIIeCTBYIO-
el MOTy4YeHUIO yKa3aHHBIX TBEpAbIX pacTBopoB. B nnTepane temneparyp 900-1100 °C B xauecTBe MPOMEKYTOUHBIX
coelMHeHu ! ObLIM 0OHAPY>KEHBI ClIelyIOIIE JBOMHBIE OKCUIBL U TBEPIbIE PACTBOPBI HAa UX OCHOBE: S1yNi,0,,, Sr;AL Oy,
SroNi, _ Al O,; (0 <x <£0,2), Sr;AlL,_ Ni, O (0 < x < 0,1). Oxcunnsle coequnenusa SroNi,_ Al O,; (0 < x < 0,2) Ha
BO3/yXe pasiararorcs mpu temreparype 1030 °C, B Toke xkucnmopoaa — rnpu temmeparype 1120 °C. Mcnons3oBanue mpo-
MEXYTOYHBIX COCJMHEHUI B Ka4eCTBE MPEKYPCOPOB MO3BOJISIET ONTUMH3UPOBAThH MPOIecC (OPMHUPOBAHUSI CTPYKTYPBI
2P/RS: Temnieparypy cunTe3a o0pa3uoB cHu3UTh Ha 30—40 °C, a Bpems cuHTe3a yMEeHbIIUTh Ha 8—10 u.

Knrouegvie cnoga: antoMOHNKENAThl CTPOHIINS; TIPEKYPCOPBI; TBEpIbIe pacTBOpPbI; (haser Pananecnena — [Tommepa.

brazooaprnocme. Pabota BrinonHeHa npu nopaepikke HanmonansHoil akanemun Hayk benapycu m Munucrepcrsa
oOpazoBanus Pecriyonuku benapych, a Takke rocynapCTBEHHON MPOrpaMMbl HayYHBIX UCCIIEI0BaHUI « DHEpreTHYeCcKue

U siJiepHble Ipouecchl 1 TexHoorum» Ha 2021-2025 rr. (Ne roc. peructpanuu 20212391).
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ABTOpBI:

Hnea Muxaiinoena Xapnamosea — Hay4dHbIi COTPYIHHK J1a00-
paropun peoU3UKN U MAKPOKHHETHKH.

Jeonuo Buxmoposuu Maxnay — KaH1u1aT XUMUYECKHUX HayK;
CTapUIMi HayYHBIIl COTPYIHHK HayYHO-NUCCIIET0BATEILCKOM J1a-
Goparopun (HU3MUECKON XMMHH KOHACHCHPOBAHHBIX Cpej Ka-
(benpsl huznUecKoi XUMUU XUMHUYECKOTo (hakymbTera.
Anexcandpa Eezenvesna Ycenko — KaHIUAaT XUMUYECKUX HayK,
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In the present work the formation features of the crystal structure of the 2P/RS phase (P is a layer of perovskite, RS is
a layer of rock salt) were investigated and the optimal conditions for the synthesis of the phase in Sr;Ni, Al O, 5
(0.5 <x<0.75) solid solutions were established. The role of intermediate oxide compounds formed at the stage preceding
the formation of these solid solutions was demonstrated. The following binary oxides and solid solutions derived from them
were found as intermediate compounds in the temperature range 900—1100 °C: SryNi,O,;, Sr;Al, O, SryNi,_ Al O,,
(0<x<0.2), Sr;Al,  Ni O (0 <x<0.1). Oxide compounds SroNi; Al O,; (0 <x <0.2) decomposed at 1030 °C in air
and at 1120 °C in an oxygen flow. The use of intermediate compounds as precursors made it possible to optimise the pro-
cess of formation of the 2P/RS phase, i. e. to decrease the synthesis temperature by 30—40 °C and to reduce the synthesis
duration by 8-10 h.

Keywords: strontium alumonickelates; precursors; solid solutions; Ruddlesden — Popper phases.
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BBenenue

Cpenay MHOT00Opa3Hst OKCHIHBIX COSTMHEHUH BBIIEISIOTCS CIOUCTHIE OKCHJIBI IIEPOBCKUTHOTO TUIIA C KPHU-
cramundeckoi crpykrypoit 2P/RS (P — cinoit mepoBckuta, RS — ciioil kaMeHHOH conu), OTHOCSAIIMECS K PsiLy
Papgnnecnena — IMonmepa.

B pabote [1] u3noxeHbl pe3yabTaThl UCCIIEAOBaHUHN, HAITPABIEHHBIX HA MOJyYeHHE TBEP/bIX PACTBOPOB
Sr;Ni,  ALO; 5(0,5<x<0,75) c Takoil CTPYKTYpOi 1 u3yueHue ux GU3NKO-XUMHUIECKUX CBOIicTB. CuHTE3
aJIOMOHUKeNaToB nposoanics BHadane npu 1300-1320 °C B redenne 30—40 1. beiio ycTaHOBIEHO, UTO YiIy4-
ITUTE TIPOIECC CHHTE3a MO3BOJISIET MPOMEKYTOTHBIA 00XKHUT 00pa3roB B Toke kuciaopomna mpu 1100-1150 °C.

enp HacTosIICH PabOThI — M3Y4YHTh (a3000pa30BaHUE HA CTAJIUU MPOMEKYTOYHOTO OOXKHUTa, BHISCHUTH
BIIMSIHUE IPOMEKYTOUHBIX (Da3 Ha CUHTE3 TBEPAbIX pacTBOpoB Sr3Ni, Al O, 5(0,5<x<0,75), BbIABUTH IIpe-
KyPCOPBI U ONIPEICIINTh ONITUMAJIbHBIE YCIOBHS MX 00pa30BaHMs, YTO B KOHEUHOM UTOT€ MIO3BOJIUT ONTHMHU3H-
POBaTh NPOLECC MOJYUCHUS aIFOMOHHUKEIIATOB.

MaTepna.m)l U METOAbI UCCJICAOBAHUA

OxcuHbIe COCIUHEHUS NOTyYald METOJOM TBepA0o(ha3HOro CUHTE3a U3 BOJHBIX PACTBOPOB HUTPATOB.
JJ1s1 IpUroToBIIeHNS PACTBOPOB UCIIOIb30BANIN CIIEAYIOIIUE COMIU MApKH «4. 1. a.»: St(NO;),, Ni(NO;), - 6H,0,
Al(NOs;); - 9H,0. PactBops! ynapusaiu, HOJyYeHHbIE CMECH IEPETHPAIIH, IIOCIE YeTo pasjaraid Ha BO3Ly-
xe rpu 750—800 °C u cHoBa nepetupau. Jlanee u3 MopoLKoB NPECCOBAIN 00Pa3Lbl, KOTOPbIE 00KHUTaIu JIUO0
Ha Bo3ayxe rpu temneparype 900-950 °C, nubo B Toke kucimopoza mpu temmneparype 1000-1100 °C.

®Da30BBIN COCTAB CHHTE3MPOBAHHBIX 00PA3IIOB OMPENEIUIN ¢ IIOMOIIBI0 peHTTeHo(a3oBoro anamm3a (PDA).
JudpakunoHHyI0 KapTHHY HOPOIIKOOOPA3HBIX 00Pa3IoB PErHCTPUPOBAIIHA HA PEHTTEHOBCKOM AU(pakToMeTpe
HPOH-3 (CoK -uznyuenue, A = 0,179 026 um) (AO «VHHOBaMOHHBIH HEHTp “BypeBecTHHK », Poccust) B pe-
KUME CKaHupoBaHus 1o Toukam (war 0,1 rpax, anurensHocTh wara 15 ¢). Maaunuposanue audpaxrorpamm
BEITIOJTHEHO C MCITOJIb30BaHUEM nporpammbl TREORY(0 u yTounenneM 1o metony Putsensaa [2; 3].

Pe3y.]'[bTaTbI U UX 06cy)KI[eHI/Ie

Ha puc. 1 s cpaBHeHus npuseneHsl audpakrorpammbl 06pasios Sr3Ni; ,sAl, 750;, CHHTE3UPOBaHHBIX
myTeM oOxura B Toke Kuciopoza rmpu 1270 °C B Teuenue 10 9 ¢ mpoMeXyTOIHBIM 00KUTOM B TOKE KUCIOPOJIa
npu 1100 °C B Teuenue 5 4 (cm. puc. 1, a) u 6e3 Hero (cM. puc. 1, 6). Kak BunHo u3 puc. 1, y o6oux o0pasion
nomuHupyet ¢aza 2P/RS, onnako o0pasern, qudpaxrorpaMma KOTOPOTo NpeAcTaBieHa Ha puc. 1, 6, COTepKUT
0OJTBITIOE KOTMYECTBO Hempopearupoasirero SrO u HemHaoro NiO, B To BpeMs Kak oOpaselr, mudpakrorpaMmma
KOTOPOTO MpeJICTaBIeHa Ha pUC. 1, @, mouTi MoHO(Ma3HbIN. Takum 00pa3oMm, 3TH AUPaKTOrpaMMBbI TOATBEPIK-
JAFOT TIOJIOKUTEIBHYIO POJIb IPOMEXKYTOUHOTro oOxura B popmupoBanuu ¢asel 2P/RS.
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ala o/b

4 2P/RS 4 2P/RS
o SrO o SrO

= NiO

20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
20, rpan 26, rpan

Puc. 1. JIndpaxrorpammer 06pasnos SrsNi »sAl, 50,
MOTY4YEHHBIX IyTeM O00XHra B Toke kuciopona npu 1270 °C B reuenne 10 u:
a — ¢ TIPOMEXKYTOUHBIM OOKHTOM B TOKe Kuciopozaa mpu 1100 °C
B TeueHue 5 4; 6 — 6e3 nmpomexyrodnoro ooxura (CoK -n3mydenue)
Fig. 1. XRD powder patterns of the samples Sr;Ni, ,5Al, 750,
annealed in oxygen flow at 1270 °C for 10 h:

a — with intermediate annealing in oxygen flow at 1100 °C for 5 h;

b — without intermediate annealing (CoK -radiation)

B xozme mpoBeACHHBIX SKCHEPUMEHTOB Ha MPOMEXKYTOYHOH cTaguu OOXKWTra B 00pasliax CHCTEMBI
Sr;Ni, ,AlL.O,_5(0,5<x<0,75) Obl11 0OHapyKeHbI CIEAYIOIIUE IBOWHbIE OKCUHbIE COCAUHEHUS U TBEp-
Ible pacCTBOPBI Ha UX OCHOBE: SroNi,O,;, Sr;Al,Of, SrgNi; Al O,, (0 <x <0,2), Sr;Al, _ Ni, O, (0 <x<0,1).
Ha puc. 2 npusenena nudpaxrorpamma oopasua SrgNi,O,,, 0IyueHHOro IIyTeM OOKUIa Ha BO3AyXe NPHU
950 °C B Teyenue 25 4. Jrta audpakrorpaMma WACHTHYHA IUPpaKkTOrpaMMe, peICTaBlIeHHOHN B padboTte [4].
Ha puc. 3 npuBenena audpakrorpamMma o0pasiia TOro ke COCTaBa, HO CHHTE3HMPOBAHHOTO B TOKE KUCIOPO/IA.

® Sr,Ni,0,, @ SroNi,0,,
» NiO = NiO

L] ®
B ; ' |
M WJLNWJU\M e . Mw
L L 1 L 1 L 1 L 1 L 1 L 1 " 1 " ] L L 1 L 1 L 1 L 1 L 1 L 1 L 1 " ]
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
20, rpag 26, rpan
Puc. 2. Tudpaxrorpamma o6pasia StoNi,O,,, Puc. 3. lnppaxrorpamma o6pasua SrgNi,O,,
MOJIYYEHHOTO IyTeM 00KHUra Ha Bo3ayxe mpu 950 °C MOJIy4€HHOTO IMyTeM 00Hra B Toke kucnopozna mpu 1030 °C
B Teyenune 25 4 (CoK -nzinydenue) B Teuenue 25 4 (CoK -uzinyyenue)
Fig. 2. XRD powder pattern of the sample SrgNi,O,, Fig. 3. XRD powder pattern of the sample SroNi;O,,
annealed in air flow at 950 °C for 25 h (CoK-radiation) annealed in oxygen flow at 1030 °C for 25 h (CoK -radiation)

[Tpu cpaBHEeHHH puUC. 2 1 3 MOKHO 3aMETUTH CYIIECTBEHHOE YMEHBIICHHE HHTCHCUBHOCTH JINHUN IPUMECH
NiO na puc. 3 (PDA 3aduxcrpoBai npaktuaecku ToibKo cireabl NiO). Takum 06pa3oM, Ha BO3AYXE PEAKIH MEKITY
SrO 1 NiO ¢ o6pazoBanuem SryNi,O,,; nzer He 10 KoH1a, yacTb NiO ocTaeTcs HenpopearupoBaBIIei, 4To, CKkopee
BCET0, CBA3aHO CO cleayomuM paxkroM. B CTEXHOMETPUHOM HUKEIIaTe CTPOHLIHA SreNi,O,, cymMMapHas cTeneHb
OKHCIIEHHs HUKEJIs IOJKHA COCTABIIATH IPUMepHO +3,4 (Stg "Ni3*02)). TIpu oGxure Ha Bo3ayxe Takas CTETICHD
OKHCIICHHS HE IOCTUTAeTCs, IIOATOMY JacTh okcraa NiO, B KOTOpOI/I IIPUCYTCTBYIOT, HAIIPUMED, HOHBI Ni**
B3auMozeicTByeT ¢ SrO U MPOSIBISICTCS B BUIE peqmeKCOB Ha qudpaktorpamme (cM. puc. 3). Takoii NiO 6onee
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UHEpTeH ipu oOpazoBaHuu 3areM (asel 2P/RS. Ha Bo3nyxe Hukenar SrgNi,O,, pasznaraercst Ipu TeMieparype
1030 °C Ha npocThble OKCH/IBI TIO peakIuy, PUBEACHHON B paboTe [4]. B kucnopose sxe oH yCTOHUNB IpUMEpPHO
10 1130 °C, ¢ nanpHeHIIMM NOBBILIEHUEM TEMIIEPATyphI (paza IepoBCKUTHOIO THMA SroNi;O,,, B3aUMOJEHCTBYsI
C NEPOBCKUTHBIM aTrOMUHATOM S1;AlL Oy, MIIaBHO HepecTpanBaeTcs B pOACTBEHHYIO a3y 2P/RS.

Ha puc. 4 nokazana nmudpakrorpaMma agOMUHATa CTPOHITUS, CHHTE3UPOBAHHOTO HA BO3YXE MPH TEX JKe
YCIIOBUSIX, UTO U HUKEJIAT CTPOHIIHS.

o SrO

(@] O
20 25 30 35 40 45 50 55 60

20, rpan

Puc. 4. Judpaxrorpamma odpasua Sr;AL O,
MOJYYEeHHOTO ITyTeM oOkura Ha Bo3ayxe mpu 950 °C
B TeueHue 25 4 (CoK -u3myueHune)

Fig. 4. XRD powder pattern of the sample Sr;Al,O
annealed in air flow at 950 °C for 25 h (CoK ,-radiation)

B o0pa3iie, noimydueHHOM B TOKE KHciaopoaa, POA BbISIBUII Te e TMHUH, YTO U B 00pa3iie, CHHTE3HPOBAaHHOM
Ha BO3/yXe. DTO OOBACHAETCS TEM, YTO B OTIHYME OT HUKe/Is HOH amoMuHus A" He MeHsIeT CBOIO CTeIIeHb
OKHUCIIEHUS IPU U3MEHEHUH OKUCIHUTENBHOM atMocdepsl. AnroMuHar Sr;Al,O4 ycTOHUUB BILIOTH 10 TEMIIEpa-
Typ ¢hopmupoBanus ¢assl 2P/RS. Ha nudppaxrorpamme Sr;Al,O, KpoMe OCHOBHBIX Pe(IIeKCOB, IPOSBIIIOTCS
JUHUM CJIa00W MHTeHCUBHOCTU mpumecu SrO. Bupumo, st mosrydeHus: MOHO(A3HOTo aatoMHUHATA CIISHyeT
YBEJIUYUTH BpeMsi 0OKura oOpasia Mpu JaHHOW TeMIeparype.

IMpumecHsle nuHuK SrO nouTH UcYe3aroT B antoMuHare Sr;Al,O4 IpU 4aCTHYHOM 3aMEIEHUH aTFOMUHUS
Ha HUKEJIb, KaK CBUJIETENLCTBYET PHC. 5, T/E NpejcTaBneHa auppakrorpamma odpasna SryAl; ¢Nij,Og. On-
HAKO B 9TOM CIIydae MOSBIIsETCS HOBas IPHMECh B OY€Hb MalbIX KommuecTBax — SrgNi, (Al O,,. O6pazen
Sr;Al; gNij ;O¢ ¢ xopormM pUOIMKEHHEM MOKHO CYUTATh MOHO(DA3HBIM, YTO MOATBEPKAAET PHUC. 6, TI€ TUHUK
BBIIICOTMEUEHHBIX IpuMecell He 0OHapyskuBatoTca. OTCrona claeyer, uTo TBepable pacTBophl St;Al, - Ni O
CYIIECTBYIOT B 001acTH MaJbIX KoHIEeHTpanuii Hukems (0 < x < 0,1).

o SroNi, Al O,,
o SrO

WMJ "2 LVJWLNJLW
4:0 4IS 5I0 5I5 6IO

20 25 30 35 40 45 50 55 60 20 25 30 35
20, rpan 20, rpan
Puc. 5. Indpaxrorpamma o6pasna Sr3Al, gNij,04 Puc. 6. ludppaxrorpamma obpasna Sr; Al oNij ;Og
(CoK ,-m3myuenne) (CoK -u3nmyuenue)
Fig. 5. XRD powder pattern of the sample Sr;Al, ¢Ni,,0, Fig. 6. XRD powder pattern of the sample Sr;Al, ¢Ni; ;O
(CoK ,-radiation) (CoK-radiation)
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IIpn yacTMYHOM 3aMELIEHMM HMKeNs Ha amoMuHHui B SrgNi;O,, ObIIM IONy4eHBI TBEP/BIE PACTBO-
pot StgNi, Al O,,. [lng BeISICHEHHUS TPaHUL] UX CYLIECTBOBAHHUS CUHTE3UPOBAH PsIl OKCHAOB 3TOM CUCTe-
MbI ¢ marom 3amemenust Ax = 0,1. Ha puc. 7-9 npusenenst audpakrorpammer 06pasios SroNiggAly,0,,
StgNi4 ,Aly 30, 1 SrgNig Al 5O, COOTBETCTBEHHO, CUHTE3UPOBAHHBIX TTyTEM 00KHIa B TOKE KUCIOPO/IA PU
1050 °C B Teuenue 10 4. Mcxons u3 puc. 7-9, MoHO(pA3HBIM MOXHO CUMTATh MEPBBIA U3 ITUX 00pa3IoB.
Ha mudppaxrorpamme obpasia SrgNig ;Aly ;0,, HaYMHAET POSBIAATLCS CTA0OMHTEHCUBHAS TIPUMECHAS JIAHHUS
TBepaoro pacteopa Sr;Aly - Ni O (0 <x <0,1), na mudpaxrorpamme obpasua SrgNig sAly sO,; 51a muHMs CTa-
HOBHTCA OoJiee 3aMeTHOM. OTCro1a MOKHO MTPUOIU3UTENBHO OLIEHUTh IPAHHIIBI CYIIIECTBOBAHKS TBEPBIX pac-
TBOpPOB SrgNi;_ Al O, (0 <x<0,2).

*StNi; ALO,, e Sr,Ni, Al O,
o Crepl TBEPIOTO
pactBopa Sr;Al,  Ni O

® o
1 " 1 " 1 " 1 " ]
20 25 30 35 40 45 50 55 60 40 45 50 55 60

20, Tpan 20, rpan
Puc. 7. indpaxrorpamma obpasiua SrgNig gAly,0,; Puc. 8. lndpaxrorpamma obpasua SrgNig ;Al, 30,
(CoK -u3imyueHnue) (CoK ,-n3myuenne)
Fig. 7. XRD powder pattern of the sample SrgNig (Al ,0,, Fig. 8. XRD powder pattern of the sample SroNig ;Alj 305,
(CoK -radiation) (CoK ,-radiation)

* SryNi,_ Al O,,
o SryAl, - Ni O

20 25 30 35 40 45 50 55 60
20, rpan

Puc. 9. Jlndpaxrorpamma o6pasna SroNig sAly 5O,
(CoK ,-u3myuenne)
Fig. 9. XRD powder pattern of the sample SroNig sAl, 5O,
(CoK ,-radiation)

YacTo mipu 00pa30BaHUH TBEPABIX PACTBOPOB HAOIIOMACTCS CMEIICHIE peHTIeHOTparmuecknx pediekcoB
OTHOCHTEIHHO pe(lIeKCOB OCHOBHOTO OKCHA. Y BHOBB IOJTyYE€HHBIX TBEPIBIX PACTBOPOB TAKOTO 3aMETHOTO
CMEUICHUs He 00HApYKEHO, UTO CIEAYeT U3 CPaBHEHHS JU(PPAKTOrpaMM, MPEACTaBICHHBIX Ha pUC. 2—06, 1 Tud-
paKTorpaMm, IpeICTaBICHHBIX Ha prc. 7—-9. OJTHAKO CTOUT OTMETHTh, YTO CMEIIICHUE PE(ICKCOB MPOUCXOIHT,
KOT/Ia pa3Mepbl HOHOB 3aMECTUTENS U 3aMEIIAEMbIX METAJJIOB 3aMETHO pa3nyaroTcs. B paccMaTpuBaeMoM xe
ciydae pasmeps! HoHoB Ni** n AIY* Becbma Gmmsk [5].
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C 1enbio mpoHa0IrIaTh 00pa30BaHUE MPOMEKYTOUHBIX (ha3, a 3aTeM KpUCTaTu3aIuio u3 Hux ¢asel 2P/RS
ObLIM IpHUroToBIeHb! 00pasisl Sr3Ni; Al O, Ha puc. 10 npusenena mppakrorpamma odpasua Sr;Ni sAl, sO,,
MOJIY4EHHOTo ITyTeM oOxwura B Toke kuciaopoza npu 1070 °C B Teuenue 10 4. 3gech NpUCYTCTBYIOT /IBE TJIaB-
HbIe IPOMeEKyTOUYHBIE (ha3bl (TBepable pacTBOPhI StoNi,; _ Al O,; (0 <x <0,2) u Sr;Al, Ni Oy (0 <x<0,1))
u B HeOonpimx Koimdectax npumech (SrO m NiO). 3arem 3TOT e o0pasel MmoBeprayicsi 00KHUTy B TOKE
xuciopona npu 1240 °C B Teuenue 5 4, ero audpakrorpaMmma npuseneHa Ha puc. 11. M3 puc. 11 BugHO, 9TO
IpU TaKUX YCIOBUSX 00KMra 4acTh TBepAOro pacrsopa StyNi, Al O,, mpopearuponana ¢ TBEpIbIM pacTBO-
pom Sr;Al,  Ni O, B pesynbrare yero oopasoanach ¢asza 2P/RS, uacts pasnoxuiacs Ha okeuabl StO u NiO
u coBceM HeMHOTO (aspl StgNi, Al O, ocranock B nepBoHadanbHOM Bujie. OOpaTHM BHUMaHHE Ha TO, YTO
pedrexcel TBeproro pactBopa SriAl,  Ni O (0 <x <0,1) Ha puc. 11 orcyTcTBY!IOT, a peduiekcs! (asbl 2P/RS
JoMUHHPYIOT. OueBHIHO, 3aBepiieHne oOpa3oBanus (assl 2P/RS numuTnpyet B3anmMoneiicTBue MexXIy OKCH-
namu SrO u NiO.

* StNi,  AlO,, (0<x<0,2) 2 2P/RS

o Sr;AlL, - NiO, (0<x<0,1) s o StNi,  AlO,, (0<x<0,2)
o SrO o SrO

= NiO = NiO

UL

L L L L 1 L
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60

20, rpan 20, rpan
Puc. 10. lnppaxrorpamma obpasua Sr;Ni, Al 50, Puc. 11. lndpakrorpamma obpasua Sr3Ni; sAl, 5O,
obosoxenHoro npu 1070 °C B Toke kucnopona B reuenue 10 u oboxoxeHHoro npu 1240 °C B Toke KHCI0pOza B TeUEHUE 5 U
Fig. 10. XRD powder pattern of the sample Sr3Ni; Al 5O, Fig. 11. XRD powder pattern of the sample Sr;Ni, ;Al, 50,
annealed in oxygen flow at 1070 °C for 10 h annealed in oxygen flow at 1240 °C for 5 h

CrnenoBarenbHo, kpuctammuzanust (assl 2P/RS mnpu peaknmu B3aMMOAEWUCTBUSI TBEPABIX PACTBOPOB
SrgNi, . Al.O,, (0 <x<0,2) u Sr;Al,  Ni,O4 (0 <x £ 0,1) mporcxoaur OTHOCUTENBHO OBICTPO (HE Oojee
4yeM 3a 5 4 B ciryyae oOxura B Toke kuciopona npu 1240 °C). OTMeTnM, 4To Hocjae TepMUYECKO 00paboTKu
obpasua Sr3Ni; ,5Al, ;50; B TOM ke pexknme, 9to u 06paboTka o6pasua Sr3Ni; sAl) s0;, HHTEHCUBHOCTH ped-
nekcoB SrO u NiO, 3apukcupoBaHHBIX Ha AU pakTorpamme (cM. puc. 1), 3aMeTHO MeHbInas, 4eM Ha puc. 11.

3akJaroueHmne

Wzyuensr ocobennoctr hopmuposanus ¢asel 2P/RS B npomecce cuntesa cuctemsl Sr — Ni — Al — O. Io-
Ka3aHa poJib MPOMEKYTOYHOTO 00KUra 00pa3IoB Ha CTaHH, IPEIICCTBYIONICH CHHTE3y TBEPAbIX paCTBOPOB
Sr;Ni, AlL.O; 5 (0,5 <x <0,75). B unrepsane remneparyp 900-1100 °C B kauecTBe IPOMEXYTOUHBIX CO-
eIMHEHHI OblIM OOHAPYKEHBI CIEAYIOIIUE BOIHBIE OKCH/IBI M TBEPJBIE PACTBOPHI HA UX OCHOBE: SroNi,0,,,
Sr;Al, O, SrgNi,_ Al O, (0 <x <0,2), Sr;Al,_ Ni O (0 <x < 0,1). Teepapie pactBopsl SroNi,; _ Al O,
(0<x<0,2) na Bo3ayxe paznaratorcs npu temmeparype 1030 °C, B Toke kucnopona — npu tremmneparype 1120 °C.
Hcrnonp3oBanne MpOMEKyTOUHBIX COSMHEHNH B KAY€CTBE MMPEKYPCOPOB MO3BOJISET ONITUMHU3UPOBATH ITPOIIECC
hopmupoBanus cTpykTypbl 2P/RS: Temmnieparypy cuntesa can3uth Ha 30—40 °C, a BpeMst CHHTe3a YMEHBIIIUTh
Ha 8—10 1. Ha npumepe o6pasua cocrasa Sr3Ni sAlj 5O, MOABEPrHYTOro MpeABAPUTEILHOMY 00XKUTY B TOKE
kuciopoza npu 1070 °C B teuenue 10 u, mokaszaHo, 4TO MpH TeMreparype cuntesa ¢aza 2P/RS obpazyer-
cs1 BHauaJse (3a BpeMs He Oosiee 5 u) 3a cueT peakuuu B3auMojeiicTBus TBeproro pacrsopa Sr;Al,  Ni O
¢ 4acThio TBepaoro pacteopa SrgNi, Al O,,. OctaBmascs 4acTs TBepaoro pacrsopa SrgNi, Al O, pasna-
raercst Ha mpocThie okcuasl NiO 1 SrO, KoTopble U TUMHTHPYIOT JaNbHEHIINT X0 peaknuy o 00pa30BaHUIO
(a3zer 2P/RS.
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Ha ocHoBe ncronp3oBanus (pakTaIbHOTO aHAN3a aTOMHO-CHIIOBBIX M300paKeHUU MCCIENOBaH MeXaHm3M YD-
CTUMYJIUPOBAaHHOM MOJIMKOH/ICHCAIMN B IuIeHKaX V,05 : MoO; (MONBHOE COOTHOLIEHUE OKCUIOB 3 : 2), TIONyYEHHBIX U3
COOTBETCTBYIOIIMX OKCOKHCJIOT. YCTaHOBJIECHO, YTO TBepAOo(a3Has MOJIUMEPU3aUs CMEIIaHHO-OKCUAHBIX OJIMTOMEPOB
npotekaet 1o 3D-MexaHu3My, pe3yabTaToM AeHCTBUS KOTOPOTO SBIIIETCS YBEIMIEHHUE CPELHEro apu(pMEeTHIECKOro OTKIO-
HEHUA NPOQUIIL IOBEPXHOCTH OKCUIHOTO CJI0s IIPY OAHOBPEMEHHOM yMEHbIICHUH (hpaKkTalbHOU pa3mepHocTH. [TokazaHo,
YTO [OJIMKOHJEHCALMA COIIPOBOXKAAETCA dPPeKTaMu YIops10ueHUs, IPUBOAAILUMY K 00pa30BaHUIO aIJIOMEPaToB 3€peH
B BUJIE [ICEBJIOKPUCTAIUINTOB HAHOMETPOBOTIO Pa3Mepa, KOTOPbIE MOKHO HAOMIONATh Ha aTOMHO-CHJIOBBIX N300paKeHHUAX
10CJIe IPOSIBJIEHHs B PACTBOPE KUCJIOTHL. Takoe ynopsijioueHHe sBIISETCs OHUM U3 (DaKTOpOB, 0OECIIEUMBAIOLIMX pa3-
MEPHYIO CTa0MIBHOCTD (HOTOMUTOrpadMIECKUX PUCYHKOB, TEHEPHUPOBAHHBIX NPH HOMONIHM MIeHOK MoO; : V,0s, u co-
XpaHEHUE Y HUX POBHOTO Kpas.

Knioueswie cnosa: @OTOHOHHMCPHB&HI/ISI; CMEIIaHHBIM OKCH]T MOJ'II/I6,H€Ha W BaHAJus; (I)OTOPGBI/ICTH.

bnazooapruocms. Pabora BeinonHeHa npu (HUHAHCOBOM moaaepxkke MuHucTepeTBa oOpazoBanus Pecryonuku be-
Japych B paMKaxX TOCYIapCTBCHHOW MPOrpaMMbl HAyYHBIX UCClieHoBaHuN «DOTOHMKA M 3JICKTPOHUKA IS HHHOBAIUIND
(3amanue 3.11.4 «Pa3paborka pU3HKO-TEXHOIOTUICCKIX METOIOB IICJICHAIIPABICHHON MOIU(UKAIIMH 1 KOHTPOJISI MACKHU-
PYIOIINX CJIOEB HA OCHOBE HEOPraHUYECKUX MOIMMEPOB JIIsl CO3/IaHMSI HOBBIX PAIHAIMOHHO CTOMKHUX (POTOPE3UCTOBY,
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PHOTOINDUCED POLYCONDENSATION PROCESSES
IN MOLYBDENUM AND VANADIUM MIXED OXIDE THIN FILMS:
TOWARDS NOVEL PHOTOLITHOGRAPHIC MATERIAL
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Investigation of the mechanism of UV-induced polycondensation in the oxoacid-derived mixed oxide V,05 : M0oO;
(molar ratio of oxides was 3 : 2) films employing fractal analysis of AFM images has evidenced that solid-state poly-
merisation process via 3D-mechanism resulting in the increased roughness of the microrelief of the film accompanied,
however, with decrease of the fractal dimension. The polycondensation is accompanied with ordering yielding nuclei
agglomerates built of nanometer-sized faceted pseudocrystals which become visible after development in the acid solu-
tion. These alignment effects, that result in the recovery of the photoresist film microrelief and the increase of the fractal
dimension to the initial value ensures the dimension stability and sharp edges in the case of patterns generated with
MoO; : V,05 photoresist films.

Keywords: photopolymerisation; molybdenum and vanadium mixed oxide; photoresists.
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Introduction

The inorganic oxides have attracted much attention in recent years as the promising photoresist materials due
to excellent radiation-, plasma- and thermostability inherent in them [1; 2]. These materials enable generation of
highly stable masks for deep reactive-ion etching without using sophisticated multilayered masking assembles
comprising both thermostable and photosensitive layers [3] that opens new avenues in microelectronics and
micromachining. Thin films of molybdenum and vanadium oxides derived from corresponding oxoacids were
successfully used as the negative photoresists which can be readily developed in the acid-containing aqueous
solutions [4; 5]. The employment of oxoacids as the precursors of photosensitive oxide-hydroxide materials
permits one to exert an effective control over the photoresist film formation by choosing proper concentration
of oxoacid and acidity of the medium where polycondensation occurs [6]. Under UV-exposure, initially oli-
gomeric vanadium and molybdenum acids exhibit further polymerisation in condensed state yielding (after
acid development) the oxide patterns with rather sharp edges [5]. Of special interest for photolithographic ap-
plications are highly uniform films of molybdenum and vanadium mixed oxide derived from diluted aqueous
solutions of mixed molybdenum and vanadium acid which demonstrate so smooth surface at the nanoscale that
their morphology and surface relief features cannot be effectively studied with scanning electron microscopy.
In this work, the structure and morphology of molybdenum and vanadium mixed oxide films were investiga-
ted employing the fractal analysis of atomic-force images with special emphasis on the effects associated with
photoinduced polycondensation of oligomers in the photoresist material.

Materials and methods

Thin films of molybdenum and vanadium mixed oxides were deposited via centrifugation onto the surface
of silica wafers employing 0.2 mol/L solution of mixed Mo — V acid obtained by acidification of corresponding
metallates on a resin [6]. The composition of mixed oxoacid corresponds to the composition of mixed oxide
V,05 : MoO; (molar ratio of oxides was 3 : 2). After air drying thus prepared hydrated V,05 : MoO; films
(ca. 6 um in thickness) were exposed to UV-light through quartz mask using Philips TUV 15 W lamp (Philips
Lighting B. V., Belgium) (wavelength 253.7 nm, intensity 1.5 mW/cm?).

The exposed films were processed in 0.005 mol/L acetic acid; the development time needed to obtain oxide
pattern was 20 min. The developed pattern was thoroughly washed with triply distilled water and air dried.

The investigation of the surface morphology of V,05 : MoOj at different stages of photolithographic process
(before exposure, after exposure, after development) was performed employing atomic force microscopy (AFM)
with the use of TT2 microscope (AFMWorkshop, USA). For fractal analysis of AFM images the Gwyddion
package was used. The fractal dimension values were obtained by cube counting method.
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Results and discussion

Thin films derived from mixed Mo — V acid which demonstrate a pronounced tendency to the spontaneous
oligomerisation [7] yields defect-free V,05 : MoO; films with very smooth surface (the roughness average (R )
is below 12 nm) as evidenced by AFM. The UV-exposure induces the process of polymerisation and resultant
film becomes insoluble in the acid solution (the rate of etching of non-exposed areas at V,05 : MoO; film is
52 times larger than the rate of etching of the exposed ones) that opens the possibility of pattern generation.
During development in the acid solution the exposed areas remain almost untaken (the rate of the etching of
the exposed areas is below 0.014 um/s).

To reveal the exact microgeometry of the oxide film surface and to trace the changes in the surface morpholo-
gy upon exposure and further development via treatment in acid solution the polynomial background subtraction
was performed resulting in flattering of the AFM images. Thus corrected images given in fig. 1 evidence that
freshly prepared V,05 : MoO, films demonstrate wave-like oscillations of the relief along definite directions
(this regular variations of the surface relief become observable only in some cross-sections). The observed
relief is a manifestation of directional alignment of oxide-hydroxide nuclei in the photoresist film during its
formation. Note that similar wave-like relief oscillations were reported previously for sol-gel derived titania
films employed as the photosensitive material for photocatalytic lithography [8].
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Fig. 1. AFM images and surface relief profiles of as-prepared V,05 : MoO; films.
The profiles were obtained in the normal directions (a) and in the diagonal directions (b)

Upon UV-exposure, the microgeometry of V,05 : MoO; films surface becomes much more complica-
ted (fig. 2) and loses the anisotropy: the cross sections reveal the lack of directions along which exhibits any
regular oscillations. In general, the relief becomes more rough (R, = 30.15 nm). It is also seen from fig. 3 that
there exists a pronounced asymmetry in the position of the structural elements at the surface of as-prepared
V,05 : MoOj; photoresist film (one distance between structural elements appears to be smaller than others
(see fig. 3, a)), this asymmetry disappearing upon exposure (see fig. 3, b) shows, however, recovery after de-
velopment in the acid solution (see fig. 3, ¢). The exposure thus changes the localisation of structural features at
the photoresist surface, these elements being now equidistant from each other that can be considered as a strong
indicative of solid-state 3D-polycondensation.
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Fig. 2. AFM images and surface relief profiles
of V,05 : MoO; filmsexposed to UV-light (a, b) and exposed
to UV-light and etched in acid solution for 6 min (c, d).
The profiles were obtained in the normal directions (a, ¢)
and in the diagonal directions (b, d)
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During the course of UV-illumination, the roughness average increases 3-fold. The observed increase of
the surface roughness in nanoscale can be attributed to the agglomeration of nuclei forming the mixed oxide
film. The latter effect appears to be compensated to large extend as the result of acid etching that occurs as the
selective process. The etching of the exposed V,05 : MoO; film in the acid solution, however, results in a pro-
nounced smothering of the relief as evidenced by fig. 3, suggesting that dissolving process localised mostly at
the surface defects and stepwise structures.

The analysis of the surface relief of V,05 : MoO; film reveals the nuclei which are visualised in fig. 4 that
makes it evident that the medium size of nuclei (R) exhibits increase when coming from as-prepared mixed
oxide films to the exposed ones; the etching in the developing solution results in the decrease of R value.

The nuclei observed in the AFM images at the surface of V,05 : MoOj; film (fig. 5) are non-uniform and
possess inner structure. The analysis of the AFM image provide an evidence that nuclei consist of the faceted
structural elements which can be considered as pseudocrystallites, the number of crystallites increasing drasti-
cally upon exposure and especially after etching. It can be thus suggested that solid-state photoinduced poly-
condensation is accompanied with recrystallisation of amorphous oxide-hydroxide film leading to the formation
of inner (latent) structure which becomes visible upon etching.
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Fig. 3. The surface relief of V,05 : MoOj films: a — as-prepared film; b — the film exposed to UV-light;
¢ — the film exposed to UV-light and etched in acid solution for 6 min
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Fig. 4. The nuclei (shown in yellow) at the surface of V,05 : MoO; films:
a — as-prepared film, Ry = 63.14 nm; b — the film exposed to UV-light, R =275.8 nm;
¢ — the film exposed to UV-light and etched in acid solution for 6 min, Ry = 198.1 nm
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Fig. 5. Faceted structures (shown in red) forming nuclei at the surface of V,05 : MoO; films:
a — as-prepared film; b — the film exposed to UV-light;
¢ — the film exposed to UV-light and etched in acid solution for 6 min
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The AFM investigation of the V,05 : MoO; mixed oxide films used as the photoresist material evidenced
that their relief demonstrates pronounced asymmetry due to directional alignment of oxide nuclei. The exposure
results in the degeneration of the structural elements in the film due to further binding of nuclei via three-di-
mensional photopolycondensation. The latter process manifests itself in the decrease of fractal dimension of
the film surface (i. e. the entropy of the microgeometry diminishes whereas the geometric deviation of the relief
increases) and homogenity of the structural elements at the surface of the mixed oxide film exhibits an increase.
On the contrary, the acid etching of the exposed film is localised at the surface defects making pseudocrystallites
visible; as the result the medium size of structural elements which contribute into surface relief diminishes
while the number of these elements exhibits increase. The selective etching leads to the increase of the fractal
dimension of the film surface to the initial value (see table) and also to the recovery of the initial relief of the
photoresist film. These effects ensure the dimension stability of patterns generated with V,05 : MoO, photoresist
and permit one to expect formation of oxide masks with regular edges.

Structural characteristics of the surface of V,05 : MoO; mixed oxide films

V,05 : MoO; film
. V,0;5 : MoO; film exposed to UV-light
Parameters As-prepared V,05 : MoO; film exposed to UV-light and etched in acid solution
for 6 min
Roughness average, nm 11.75 30.15 10.80
The Shannon differential entropy 15.45 14.73 15.76
Fractal dimension 23 2.1 2.3
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Ornpe/ienieHbl KOHCTAHTBI pacIipeeieH st XJiopaM(EHUKONIA B OKCTPAKI[MOHHBIX CHCTEMax BojHas (paza — opraHude-
CKHi pacTBOpuUTENb. [IpoaHann3npoBaHa B3anMOCBS3b MMOMYIEHHBIX 3HAYEHUH KOHCTAHT ¢ IPUPOAOH (a3 IKCTPaKIIMOH-
HBIX cucteM. [IpeioxeH criocod mpoOONOAroTOBKH 00BEKTOB MUILEBOM MPOAYKIMH, OCHOBaHHbIH Ha BBICATMBATEILHON
KHUJIKOCTb-)KUIKOCTHOM SKCTPAKIUK AUXIOPMETAHOM, AJISI MOCIEAYIOIIETO OMpPeeIeHHs MUKPOKOJIIMIECTB XJIopamde-
HUKOJIa METOIOM BBICOKOA(D(hEKTHBHOMN KHUIKOCTHOW XpoMarorpaduu B COUETaHUH C TAHAEMHOMN MacC-CIIEKTPOMETPHUEH.
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EXTRACTION OF CHLORAMPHENICOL
WITH ORGANIC SOLVENTS
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The distribution constants of chloramphenicol in the aqueous phase — organic solvent extraction systems have been
experimentally determined. The relationship between the obtained values of the constants and the nature of the extrac-
tion systems phases was analysed. It has been shown that for the extraction of chloramphenicol from food products of
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animal origin, it is appropriate to use dichloromethane combined with salting out with ammonium sulfate. The sample
preparation technique for chloramphenicol trace amounts determination with high-performance liquid chromatography
with tandem mass spectrometry based on salting-out liquid-liquid extraction with dichloromethane has been developed.

Keywords: chloramphenicol; liquid-liquid extraction; distribution constants; high-performance liquid chromatography;
tandem mass spectrometry; foodstuffs.

BBenenue

Xnopamdenunkon (puc. 1) sBiseTcs aHTUMUKPOOHBIM IPENapaToM LIMPOKOIO CHEKTpa JEHCTBUS: OH IO-
JIaBIISICT Pa3BUTHE MHOTHX BHJIOB IPAMIIOJIOKHUTENBHBIX H TPAaMOTPHULIATEIILHBIX OaKTEPHid, CIIMPOXET, XJia-
muuii [1]. B cBsi3u co CIOCOOHOCTHIO JJAHHOTO aHTUOMOTHKA BHI3bIBATh 3a00JICBAHUE KPOBETBOPHOH CUCTE-
MBI — aIUIACTUYECKYI0 aHEMHUIO — €r0 CTaparoTCs 3aMEHSATh aHAJIOTaMH, HE BBI3BIBAIOIIMMH TAKUX TAKEIBIX
ocnoxHeHui [1]. YeranoBnennslii Ha Tepputropun benapycu u ctpan EBpa3uiickoro 3KOHOMHYECKOTO COK03a
MaKCHMAaJIbHO JIOMyCTUMBIH YPOBEHb OCTATOYHOTO COIEpKaHus XjopaMm(eHuKona sl MUILEBOH MPOIYKINT
’KHBOTHOTO TIPOMCXOXICHHS cocTaBisaeT 0,3 MKI/Kr' .

Cl H

iike)

ZT

Cl

OH

o—=z

Puc. 1. CtpykrypHas popmyna ximopaMbeHHKOTIa
Fig. 1. Structural formula of chloramphenicol

B nponecce npoGONoAroToBKY MUIEBON TPOAYKIMH IJIs1 ONIPEACICHHS B HEH XJI0paM(eHUKoIa ITUPOKO HC-
MOJB3YIOT TBepAodaznyto skcrpakuuio (TOD) [2-9]. Pacnpocrpanen u meron QUEChERS (quick, easy, cheap,
effective, rugged, safe), BKITIOYAIONINI BBICATTMBATEIIEHYIO YKCTPAKITUIO U OYUCTKY AucTiepcnoHHon T [10-12].
OpHako TaHHbBIE TTOAXO0ABI TPEOYIOT HAIMYHS HIMITOPTHBIX PACXOIHBIX MaTepHAIOB U HAOOPOB, JOPOTOCTOSIIIAX
COPOCHTOB, UTO OIPEACIACT aKTyalbHOCTh IPUMEHECHHUS METOIMK, OCHOBAHHBIX HA KHIKOCTb-KUIKOCTHOH SKC-
Tpakiuu. J{jist MICKIIFOUCHUS CTaMK OUMCTKHU SKCTPAKTOB MeTogamu TDD u qucnepcronHoi TOD HeoOxoqumo
WCTIOJIH30BaTh HaNOO0JIee CENIEKTUBHBIN IKCTPAreHT, 00eCIeunBaIOIIA JOCTATOUHO YPPEKTHBHOE U3BICUCHIE
xJiopaM(peHUKOIa, HO He OOJBITMHCTBA COMYTCTBYIONMNX KOMITOHEHTOB aHAJIM3UPYEMbIX MaTPHII.

Takum 00pa3zom, Lesb padoThl — OLIEHUTH KOHCTAHTHI pacrpeesieHus XJiopaM(peHuKosa B SKCTPAKIIMOHHBIX
crcTeMax BojHas (a3a — OpraHuueCKUi pacTBOPUTENb U MPEIOKHUTH HA OCHOBE MOTYYEHHBIX JAHHBIX CITOCO0
MPOOOIIOTOTOBKHM MUIIEBON MPOAYKIINHU JUIS ONPEEIeHUsI B HeH MUKPOKOJIMYECTB aHTHOMOTHKA, 0a3upyro-
LIUICS TOIBKO HA KUIKOCTh-KUIKOCTHOM 3KCTPAKIIUH.

MaTepI/IaJIbI U METOAbI HCCJICAOBAHUSA

PeakTuBbl. B xone uccienoBaHus UCIOJIB30BAIM CIIEAYIOIINE PEAKTUBBL XJIOpaM(pEHHKOJ C YUCTO-
Tol 299 % (Sigma-Aldrich, I'epmanns), xnopamdenukoin-Dy ¢ uncroroit =299 % (Sigma-Aldrich), nuxnopmeran
1151 BBICOKOA(ppeKTUBHOM kuaKOCTHOM XpomaTorpaduu (BOXKX) ¢ uncroroit >299,9 % (Carlo Erba Reagents,
Opannus), TIXI0pITaH MapKH «X. 4.» (AO «Bekrony», Poccus), xiaopopopm Mapku «X. 4.» (AO «baza Ne 1
XIUMpEeaKkTUBOBY», Poccus), aneronutpun ams BOXX ¢ wucroroit 299,9 % (Carlo Erba Reagents), cynbdar
AMMOHHUS C YUCTOTOH >99 % (AO «baza Ne 1 XxuMpeakTuBoOB).

O0opynoBaHue u pacxoaHble MaTepuaJbl. [Ipyu npoBeneHnn ucciaeq0BaHUS IPUMEHSUIN SKUIKOCTHBIHA
xpomarorpad ¢ TpeXKBaApynoJIbHBIM Macc-crieKTpoMeTpruueckum aetektopom LC-20 Prominence LCMS-8040
(Shimadzu, I'epmanmst), xpoMaTorpaduaeckyro kojoHKy Zorbax SB-C18, 3amomHeHHy0 cOpOSHTOM Ha OCHOBE

'TP TC 021/201. O GesomacHocTH mumeBoit mpoxykiuy : mpumst 09.12.2011 : Berym. B ety 01.07.2013 / Coser EBpas. sKkom.
Kxomuc. MuHCK : DHeprompecc, 2021. 144 c.
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CHJTMKAreJis ¢ MPUBUTHIMH YITIEBOJOPOAHBIMU paaukanamu Tuna C18, mmnoit 150 MM, BHYTPEHHUM IHaMETPOM
2,1 MM, ¢ pazmepom yactuil copoenTa 3,5 Mmxm (Agilent Technologies, CI11A), ananmutndeckue Becbl AS 220/C/2/N
(Radwag Wagi Elektroniczne, llonpma), snextpoBctpsixuBarensb Multi Reax (Heidolph Instruments, I'epmanust),
oxnaxaaemyro ueHtpudyry Sigma 3-18K (Sigma Laborzentrifugen, I'epmanus), cucteMy ynapuBaHHs pac-
tBOpHTene TurboVap (Biotage, BennkoOpuTanus), mmpuieBbie GUIBTPHI U3 PereHEepUPOBAHHON LEIITION03bI
¢ pasmepom top 0,2 MM u nuametpom 13 mm (Macherey-Nagel, 'epmanns). JlenoHN3UPOBAHHYIO BOY ITOJTY-
YaJy ¢ TIOMOIIbI0 crucTeMbl ouncTKH Bosibl Easypure Il RE/UV (Thermo Scientific, CIIA).

YeaoBusi xpomarorpadguueckoro pasaejenusi. Pasienenue BeniecTs oCyIecTBISUIA Ha XpoMaTorpadu-
YEeCKOH KOJIOHKE, 3aloTHeHHOH oOpamienHol ¢azoit C18. KomnoHeHTaMy NOABMKHOM (a3bl SBISUIMCH BOJA
U alleTOHUTPWII. YCIIOBHS pa3/ieieHus] ObUIM CIEYIOIINE: PEKUM DIIFOMPOBAHUS — TPATUCHTHBIN (00beMHOE
cofiepaHue areToHuTpuiIa usMeHsuock ot 30 1o 100 %); ckopocTh MOTOKA MOABMKHOHN (a3sl — 0,3 MIi/MUH;
TemIeparypa TepmocTara kKojoHku — 40 °C; o6beM BBOAMMO# 1poObl — 20 M1 (moapobHee cm. [9]).

I[MapameTpbl Macc-ClIeKTPOMETPUYECKOT0 IETEKTHPOBAHMSA. BBIMOIHIIN HOHU3AIMIO 3JIEKTPOPACITBI-
JICHWEM B PEKMME MOHUTOPUHIa MHOKECTBEHHBIX PEaKIMi OTPHUIATEILHO 3apsDKEHHBIX HOHOB (TIOIpOOHEee
cM. [9]). OTHomeHre Macchl K 3apsiay (m/z) pOIUTENbCKUX U JOYEPHUX MOHOB ObLTO ciexyromee: 321 — 152
u 321 — 257 (ans xnopambenukona), 326 — 157 (a1 xnopamdenukona-Ds).

Onpeesnenne KOHCTAHT pacnpeaeaeHus. BeTMunHbI KOHCTAHT pacipeesieHns XIopaMpeHnKoIa orpe-
nemsum ipu remrepatype (20 + 1) °C u gucie u3mepenuit n =5 wim n = 6.

B kauecTtBe oprannueckoil (asbl BHICTYNAIH XJI0POGOPM, AUXIOPMETaH, AUXJIOPATAH, TOIYOI, B KAUeCTBE
BOJHOM (a3bl — BOXHBIN pacTBOp XJopaMmpennkona ¢ kontentpanueit 10 ar/mit. Mcxognoe cootHomeHune o0be-
MOB BOJIHOM W opranuveckoit ¢a3 cocrarisiio 1 :2 (s xiopodopma, TUXIOpMETaHa, quxjiopiTana), 1 : 8
u 1 : 10 (ansa Tomyosa). DKCTPaKIIHIO MPOBOIWIIA HHTEHCUBHBIM BCTPSIXUBAHUEM Ha MTPOTSHKEHUH 4 MUH C T10-
crenyromuM reHTpudyrupoanueM B Tedenre 20 muH nipu ckopoctu 10 000 06/Mun u Temneparype 20 °C. Ana-
JM3UPOBAIH PAaBHOBECHYIO BOAHYIO a3y MetogoM BOXKX B coueranuu ¢ TaHAEMHON Macc-CIIEKTpOMETpHUEr
(BOXKX-MC/MC), konuyecTBEeHHOE ONpeAeIeHNe aHTHOMOTHKA IPOBOIMIIN C UCTIOJIb30BAHUEM a0COMIOTHOM
rpagynpoBku. KoHneHTpanuio ximopam(peHNKoIa B paBHOBECHOW OPraHWYECKOH (a3e Ompenesiin KaKk pa3-
HOCTH KOHIIEHTpAIIUH B MCXOIHOM PacTBOpPE M B PaBHOBECHOH BOMHOH (aze. PacueT 3HaYeHMIT KOHCTAHTHI
pacnpeneneuus P MpoBOANIH IO YPAaBHEHHIO

(Cucx Vucx - [CAP]BOHH VBOL{H ) VBOHH
P= I/(var ,
[CAP]

BOJIH
rae C,., — KOHIEHTpaLus XJIopaM(pEeHUKoJIa B UCXOIHOM BOJHOM PAacTBOPE, HI/MJI; [CAP]BOJIH — KOHIICHTPAIIHs
xJopamdeHuKosa B paBHOBECHOM BoHOH (haze, ur/vir; V. ., V. . V. — 00beMbl HCXOJHOTO BOIHOTO PacTBOPA,

ucx> "BOmH® ' opr
PaBHOBECHBIX BOIHOW U OPraHUYECKOM (pa3 COOTBETCTBEHHO, MJI.

AHANOTUYHO ONPECISUIH KOHCTAHTBI PACIIpeeICHHs XJIopaM(PEHHUKONIa B CUCTEMaX BOTHBIC PACTBOPHI
cynbdara aMMOHUSI — TUXJIOpMETaH. MoJsipHasi KOHIIEHTpaIus cynbdara aMMoHUs coctaBisuia ot 0,5 1o
4,0 Mo/, KOHIIEHTpanus xyopaMmpenukona — 10 ur/mi. McxonHoe cooTHOIIEHHE 00bEMOB BOJHOM U Opra-
HUYeCKO# (a3 cocrapisuio 1 : 1 nmubo 1 : 2. U3mepsiin comepkaHue XjaopamM(peHnKosia B opranndeckoi hase,
JUTSL Yero ATMKBOTHI TUXJIOPMETAaHOBOH (hasbl yIapuBalik JIOCyXa B TOKE a30Ta, a CyXOH OCTATOK PacTBOPSITH
B CMECH METaHOJIa M JICHOHU3UPOBAHHOMN BOIbI (3 : 7 10 00beMy), PU 3TOM 00bEM CMECH OBbLIT paBEH 00bEMY
yrmapeHHO! anukBOTHl. KoHIeHTpauuio xjaopaM(peHnKoIa B paBHOBECHOM BOIHON (ha3e Onpeaessiia KaKk pas-
HOCTB KOHIICGHTpAITU B UCXOJHOM BOJTHOM PacTBOPE U B PaBHOBECHOI opranmueckoil ¢ase. Pacuer 3HaueHMit
KOHCTAHTBI Pacipe/ieieHus: P POBOIUITH 10 YPABHEHUIO

[CAP]
opr
P= ,
VOpl‘
C,«—[CAP]
opr 7

BOJIH

rae [CAP]Opr — KOHIIEHTpaIus XJI0paM(peHUKoIa B paBHOBECHON OpraHu4ecKoi (aze, Hr/MIl.
Crenenp u3BneueHus R (B %) pacCUMTHIBAIM CIEAYIOMINM 00pa3oM:
P
R=
P+r

- 100,

IJIe 7 — OTHOIIIEHHEe 00hEMOB BOJTHOW M OpraHUYecKoil (has.
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B Tab6mn. 1 mpeacrasiens! morapudMbl OTICHEHHBIX KOHCTAHT pactpeaeienns xiaopamdenukona (1gP) B akc-
TPaKIMOHHBIX CHCTEMaXxX BOJia — OpTaHIMYECKUN PAaCTBOPUTEINH M COOTBETCTBYIOIINE 3HAUYCHHS CTETICHH MU3BJIe-
yerust (R) Juist OTHOIIEHUST 00beMa BOJHOM (pa3bl K 00beMy OopraHuveckoil (hasbl, paBHoro eaunuie (r = 1).
3Ha4eHMs] OTHOCUTENBHOTO CTaHJapTHOTO OTKJIOHEHUS CPEIHEro JUIsl OIIEHOK KOHCTAHT pacIpeesieHus He
npesbianu 7 %.

Ta6numa 1

Jlorapu(Mbl KOHCTAHT pacnpeeaeHns XJI0paMQpeHUKoIAa
B IKCTPAKIHOHHBIX CHCTEMAX BOJIa — OPraHUYeCKHIi PaCTBOPHTE/Ib
W 3HAYEeHHsI CTelleH! H3BJIedYeHus

Table 1

Logarithms of distribution constants
of chloramphenicol in water — organic solvent extraction systems
and recovery values

Opranuueckuil pacTBOPUTEIIb lgP R, %
n-T'ekcaH —-1,82* 1,5
Tonyon -1,49 3,2
Xnopohopm -0,58 21,0
Juxnopstan -0,27 35,0
JuxnopmeTan -0,26 36,0
(C21v1:e1c1:1 ;(Jz%};(;(ll\)g};Ma U areToHa 0.80* 86.0
n-ByTanon 0,83* 87,0
DTtunanerar 1,62* 98,0

*3HaueHust B3ATHI U3 paGoTHI [9].

Benuuunel Ig P pacTyT B psily H-TE€KCaH < TOJIYOJ < XJI0pOo(opM < AUXIIOPITAH ~ TUXIOPMETaH < CMECh XJIO-
podopma u atetona (2 : 1 mo 00bemy) = #-OyTaHON < ATUIIALETAT, YTO COOTBETCTBYET YBEIMUCHHUIO MOJIIPHOCTH
OpraHM4ecKuX pacTBopuTesnei. Xyxe Bcero xiopamdpeHnnkon ussnexaercs #-rekcanoM (IgP =-1,82; R=1,5%),
[IOCKOJIbKY Peai3yloTCsl JIMILIb BaHIEPBaaabCOBbl B3auMoeiicTBus. Heckosbko Oombliee n3BIeYeHNE TOITYO-
oM (IgP =-1,49; R = 3,2 %) 00yCIOBIIEHO T — T-B3aUMOMICHCTBUEM MOJICKYJ PACTBOPUTEIS ¢ OCH30JIBHBIM
KOJIBIIOM aHTHOMOTHKA. CIeyIOUIMMU 110 SKCTPAruPYIOIIeH ClIoCOOHOCTH SIBIISIIOTCS XJIOpaJIKaHbl Oarogapst
KHCJIOTHO-OCHOBHBIM B3aMMOJICHCTBUAM ¢ (DYHKIIMOHAIBHBIMU TPyHIIaMu XJopaM@peHnkoia. MeHbIIyo 3Kc-
Tparupymoiulyio crnocobnocts xsuopodopma (IgP = —0,58; R = 21,0 %) 1o cpaBHEHHIO C TAaKOBOH AMXJIOpME-
taHa (IgP =-0,26; R = 36,0 %) u auxmnopatana (IgP =-0,27; R = 35,0 %) MOXXHO OOBSCHUTH OTHOCUTEIHHO
MEHbILEH MOJIIPHOCTHIO Xinopodopma. JlodaBieHue K xi10podopMy MOJISPHOIO NIEKTPOHOLOHOPHOIO aLie-
TOHA TIPeICKa3yeMo yBEIMUNBACT 3HaUeHUEe KOHCTaHTHI pacnpenencaus (IgP = 0,80; R = 86,0 %). Takoii ke
AKCTParupyrolned crnocoOHOCThI0 Xapakrepusyercs #-0ytanon (IgP = 0,83; R = 87,0 %), obecrieunBaromui
creuuprUEcKyIo TOHOPHO-aKIETITOPHYIO COJIbBATALUI0 aHTHONOTHKA. HanbonbIiee n3BinedeHue 10CTUTaeTCsl
[IPY MCTIOIB30BaHUU CaMOTO0 MOJSIPHOTO U3 M3YUEHHBIX PACTBOPUTENCH (TaKKe MEKTPOHOIOHOPHOTO) — 3THII-
arerara (IgP = 1,62; R = 98,0 %).

Taxum 00pa3zomM, A1 U3BIICUEHUS XJTopamMpeHrKoa Hanooree 3(h(HeKTUBEH dTHIIAICTAT, OJHAKO OH COAKCTpa-
THPYEeT MHOTOYMCIICHHBIE COTYTCTBYFOIIHE KOMITOHEHTHI MATPHUIIBI, UTO MPEIIONIaraeT 00s13aTelIbHY0 OUYHCTKY
MOJTYYEHHBIX SKCTPAKTOB, HArpuMep, MeTosioM TDD. n-I'ekcaH, HANPOTUB, SABIsIETCS HAUMEHEe YPPEKTUBHBIM
9KCTpPAreHToM, OJarofapsi 4eMy MOXKET ObITh YCHEIIHO MPUMEHEH Uil 00e3KUPUBAaHUS P00 MUIIEBOH MPO-
OyKuud. J{7st 1ocTaToyHoro N3BJICYeHUS XJI0paM(PEHUKONA U B TO JK€ BPEMsI OTHOCHTEJILHO HE3HAYUTEIILHOTO
9KCTPArupOBAHUSI COMTYTCTBYIOLIMX HELETIEBbIX KOMIIOHEHTOB HAWTYYIIIUM BapUAHTOM U3 U3yUCHHBIX PacTBOPU-
TeJIel IpescTaBisieTcs AuxjaopMeTan. IlpenMyecTBo AuxaopMeTana Asst OCIeAYOIEro KOHLEHTPUPOBAHUS
yIapuBaHHEM 3aKJIF0YaeTCsl B TOM, YTO OH UIMEET HAMMEHBIIIYIO TeMIIepaTypy KUTICHUS CPEITU UCTIOIb30BAaHHBIX
xJiopaiikanoB. OJIHAKO KOJIMYEeCTBEHHOE M3BJICYeHUE XIopaM(peHUKoIa 13 BOAHOTO pacTBopa (R =95 %) moxeT
OBITH JOCTUTHYTO JIMOO OJJHOKPATHOM SKCTPAKIMEH AUXIOPMETAHOM ITpH ero 0ombiioM u3obiTke (= 0,03), uto
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HEOKOHOMHO ¥ IPUBOJMT K Ype3MEPHOMY paz0aBIeHHUIO, THO0 JIBYKPATHOW SKCTpaKIUeH pu 7 = 5, uro Oonee
BpeMsI3aTpaTHO ¥ MeHee YA00HO [T pyTHHHBIX HccieoBaHni. HammyammM crmoco6oM MOBBICUTH U3BJICUEHNE
xJIopamM(eHUKOIIA SIBISIETCS UCTIONB30BaHUE BBICATTMBATENS, KOTOPBIM MOXET BBICTYIATh CYIb(aT aMMOHHSL.

B Tabn. 2 npuBeneHs! TorapuMbl KOHCTAHT pacrpeneseHus xiaopampennkoia (IgP) B 9KCTpaKIIMOHHBIX
cHCTeMax BOJIHBIC PACTBOPHI CYNb(ara aMMOHHMS — AUXJIOPMETAH U COOTBETCTBYIOIIME 3HAYCHHUS CTETICHU U3-
BieueHus (R) 11t oTHOLIEHHUS 00beMa BOAHOM (a3sl K 00beMy OpraHudeckoi ¢asbl, paBHOTO eaunuie (r = 1).
3HaYeHUs OTHOCUTENILHOTO CTaHIAPTHOTO OTKJIOHEHHS CPETHETO JUIS OIICHOK KOHCTAHT pacIpeieieHnus He
npeBsImany 8 %.

Tabonuma 2

Jlorapu(Mbl KOHCTAHT pacnpeaeaeHUs XJ10paM(EeHHKO0/1a B IKCTPAKIIMOHHBIX
CHCTEeMAaX BOJHbIE PACTBOPHI CyJb(aTa aMMOHHS — TUXJIOPMETaH
¥ 3HAYeHHsI CTereHH M3BJIeYeHUs

Table 2

Logarithms of distribution constants of chloramphenicol in aqueous solutions
of ammonium sulfate — dichloromethane extraction systems
and recovery values

Konuentpauns (NH,),SO,, Monb/n IgP R, %
0,5 -0,140 42
1,0 —-0,037 48
2,0 0,430 73
3,0 0,790 86
4,0 1,090 92

CoracHO MOJTYYEeHHBIM JJAHHBIM POCT KOHIICHTPAILIUH CYJb(ara aMMOHHS Ha | MOJIB/JT IPUBOJIMT K YBEIIHU-
YEeHUI0 JIoTapru(mMa KOHCTAHTHI pacrpe/iesieHns XiaopaMpeHnkoia 0osee 4eM Ha OIHY TPEThb Jorapu(GMuieckon
enuuunbl. Tak, go0aBieHue cynbhara aMMOHHS B BOAHYIO a3y B KOJTHMUYECTBE 3 MOJIB/JT TIO3BOJISIET JOOUTHCSI
95 % wn3Bneyenusa antuOnoTuka npu » = 0,3.

TakuMm 00pazoM, UCIIOIB30BaHUE JUXJIOPMETaHA B COUCTAHUU C BHICAIIMBAHUEM JIAET BO3ZMOKHOCTD TOJY-
YEeHUSs! JOCTATOYHO YUCTHIX IKCTPAKTOB M3 MPOO MUIIEBOH MPOAYKIHH, He TpeOyromux ounctku TDD. JlaHHbIH
(hakT MOJIOKEH B OCHOBY CII0CO0a M3BJICUCHUS XJIOpaM(pEHHUKONA TUXIOPMETAHOM M3 MPEBAPUTEIHHO 00e3-
KUPEHHOTO H-TEKCAHOM BOJHOTO pacTBOpa MpoObl ¢ KOHICHTpalluel cyinbdara aMMOHHUSI HE MEHEE 3 MOJIb/I
C MOCIIEYFOIUMH KOHIIGHTPUPOBAHNEM aHAIIUTA IIyTEM yIAJICHUS TUXJIOpPMETaHa yIiapuBaHUEeM B TOKE a30Ta
U paCTBOPEHHEM ITOJIyYEHHOTO CYXOTr'0 OCTaTKa.

Cxema mpo0onoaAroToBKU 00pa3uoB nmumieBoii npoanykuun. K HaBecke oOpasma muieBoil mpoayKInu
maccoit 1,0 I, TOMEIeHHOH B TONUITPONIMIICHOBYIO IICHTPU(YKHYIO IPOOUPKY, BHOCAT aJIMKBOTY PacTBOpa
xsopaMmdennkona-Ds B kadecTBe BHYTPEHHETO CTaHIAPTa, MIPUINBAIOT 3 M 4 MO/ Cyab(ara aMMOHHS,
NepeMEeIINBAIOT, J00ABIISIFOT 3 MJI H-T€KCaHa, BCTPSIXUBAIOT B TEUCHUE 5 MHH, 3aTeM IeHTpUyrupyroT 10 Mun
npu 10 000 o6/mun u 20 °C, rekcaHoBbIi cioll oTOpackiBatoT. K obezxuperHoi BogHOH (aze npuinBaroT
12 M1 IUXJIOpMETaHa, BCTPSIXUBAIOT IIPYU YMEPEHHOW MHTEHCUBHOCTH B TeueHue 5 MuH. Jlanee nmpoly neHTpu-
¢yrupyrot 10 mun npu 10 000 06/mun 1 20 °C, ociie 4ero JUxXJIOpPMETaHOBBIN CIIOH TIEPEHOCST B HOBYIO T10-
JIUIPONUICHOBY IO IPOOUPKY JIJIs yAaJICHUS] PACTBOPUTEIIS YIIapuBaHUEM B Toke a3ota rpu 35—40 °C. OcraTok
pacTBoOpsIOT B 1 MJI cMecH MeTaHOIa ¥ IEMOHM3UPOBaHHON Bofbl (3 : 7 mo 06bemy). [lomyueHHsIi pacTBOp
(GWIBTPYIOT Yepe3 MeMOpaHHBIN IIIPUIIEBBIH QUIBTP U3 PEreHePUPOBAHHON IIEIUTIONO3bI IS TTOCIIEAYIOIIETO
uccnenopanus MerogoM BOIKX-MC/MC. Pacuer coneprkaHusi aHTUOMOTHKA MIPOBOISAT C MCIIOJIb30BaHUEM
BHEIITHEH TPaJyupPOBKH METOJIOM BHYTPEHHETO CTaHAapTa B JIMAia30He KOHIICHTPAIM XI0paM(pEeHHUKOIa OT
0,1 1o 1,0 Hr/MJ1, YTO COOTBETCTBYET MacCOBOH jose B oopasiie ot 0,1 1o 1,0 Mkr/kr.

OnwucanHas mporeaypa mpoBepeHa Ha HECKOJIbKUX 00pasiax MOJIOYHOW MPOAYKIUH (MOJIOKE MUTHEBOM
yABTpanacTepu30BaHHOM, MOJIOKE CHIPOM KOPOBBEM, CIIMBKAX-ChIPhE ACTEPU30BAHHBIX, MOJIOYHOM KOKTEHiIIe
CTEPUIIM30BAHHOM JIJIS IETCKOT'O IMUTAHUS) C BHECCHHEM XJiopampenukoiia B koauuectse 0,2 Mkr/kr. OTHOCH-
TeIbHOE CTaHAAPTHOE OTKIOHEHHE PE3yJbTaTOB ONpENeIeHNUs aHTUONMOTHKA He mpeBbimano 6 %. Ha puc. 2
npeJicTaBlieHa XpOMaTorpaMMa, MoJydeHHas! JIJIsl MOJIOYHOTO KOKTEHIISI ¢ BHECEHHEM XJIopaM(eHHKoIa B KO-
nugecTtBe 0,2 MKI/KT.
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Puc. 2. XpomaTtorpaMmma 3KCTpaKTa MOJIOYHOTO KOKTEWIIS ¢ J0OaBIeHNEM XJI0paM(pEHHUKOIA
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Fig. 2. Chromatogram of milkshake extract with chloramphenicol additive
(A — chromatographic peak area; RT — retention time, min;
C — chloramphenicol concentration, pg/kg)

3akJrouenue

OrieHeHBI KOHCTAHTHI pacTpeieNieH s XJI0paM(eHIKoIa B SKCTPAKIIOHHBIX CHCTEMaX BOJIa — OPTaHIMYECKUI
pacTBOpPHUTENH W BOTHBIE PACTBOPHI Cylb(ara aMMOHHS — nuxiiopMeTaH. [Ipoanann3mpoBaHa B3aUMOCBSI3b
TIOJTYYICHHBIX 3HAUCHUH C PUPOAON OpraHUIECKUX pacTBopuTesiel. Ha ocHOBaHWM 3THX TaHHBIX pa3padboTaH
c1roco0 MpoOOMOATOTOBKH MUTIEBOH MPOIYKIIMH KHBOTHOTO IIPOUCXOXKIEHHS JITIS1 KOJMYECTBEHHOTO OTIpeiene-
HUS OCTATOYHOTO COofepKaHus XimopaMdernkona MeronoM BOXX-MC/MC, 6azupyromnuiics Ha MpUMEHEHUH
BBICATTUBATEIIEHON JKHIKOCTh-)KHIKOCTHOM SKCTPAKIIMK U HE TpeOyrommii ounctku TDD.
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HUKEAEBBIE ITOKPBITHA C YAYUIITEHHBIMUA
AATE3NOHHBIMU CBONCTBAMMU, OCAXKAEHHDBIE
HA ITOBEPXHOCTHU MAI'HHUEBOI'O CITAABA MA2-1

B. C. LIEH/IOKOBY, C. C. IEPEBO3HHUKOB, JI. C. I[bIBY/IbCKAA"

1)Haylmo-ucczzedoeameﬂbcmzl uncmumym Qpusuxo-xumudeckux npooiem bI'Y,
yn. Jlenunepaockas, 14, 2200006, 2. Munck, benapyce

W3yueHO BIHSHUE MPOMOIHKUTEIEHOCTH TPABJICHUS IOMIOKKH MarHueBoro ciuraBa MA2-1 Ha Mopdonoruto u aj-
Te3UOHHBIC CBOMCTBAa OCAXKIACMOTO XUMHUYCCKUM CIIOCOOOM MOKPBITUS HHUKETh — (hocdop. [TokazaHo, 4TO TpaBicHUE
B CMECH XPOMOBOI'O aHTHIPHJIA U a30THOM KUCIIOTHI IIPUBOJUT K (DOPMUPOBAHUIO OKCHIHOM XpOMATHOM IJICHKH Ha I10-
BEPXHOCTH CIUIaBa, a JOMOJHUTENbHAs 00paboTKka B pacTBOpe (PTOpHUCTO-BOIOPOIHOMN KUCIOTH — K 00Pa30BAHUIO TIIEH-
K, cocTosiiei u3 Gropuaa Maruusi. BeIsiBIIEHO, YTO MPH YBEIUUECHUN BPEMEHH TPABJICHUSI B CMECH XPOMOBOTO aHI'H-
JIpPUJIa U a30THOHM KUCIOTHI (hopMupyercst 6osiee pazBuTas MOPQOIIOTHsI TTOBEPXHOCTH, YTO CIIOCOOCTBYET YBEIHUCHUIO
YCHITUSI, HEOOXOIUMOTO JIJIsl OTPBIBA TIOKPBITHS OT MATHUCBOMN TTOMIIOKKH.

Knrouesvie cnosa: xummdaeckoe OCAXKJACHHUC, TOKPBITUC HUKEIIb — (i)OC(I)Op; MaFHHﬁ; TPABJICHUC, aKTUBAUS; aAIC3U-
OHHas MPOYHOCTD; MOp(I)OJ'IOFI/IH MOBEPXHOCTH.

bnazooapuocms. Pabora BrmonHeHa rnpu puHAHCOBOW Toaepkke MuHmcTepcTBa 0Opa3zoanus PecryOnuku bena-
pych (3amanue 2.1.06.01 rocynapcTBeHHON MporpaMMbl HaydHBIX HccsienoBaHnid Pecryonuku benapycs «Xnmudeckue
TIPOLIECCHI, PEareHThl U TEXHOJIOTHH, OHOPEryssITopsl 1 Onooprxumusi», Ne roc. peructpanuu 20210558).

THE NICKEL COATINGS WITH IMPROVED
ADHESION PROPERTIES DEPOSITIONED ON THE SURFACE
OF MAGNESIUM ALLOY MA2-1

V.S. SHENDYUKOV?®, S. S. PEREVOZNIKOV?® L. S. TSYBULSKAYA"

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieningradskaja Street, Minsk 220006, Belarus

Corresponding author: V. S. Shendyukov (schendi@mail.ru)
The influence of the duration of etching of a magnesium substrate from the MA2-1 alloy on the morphology and ad-

hesion properties of a chemically deposited nickel — phosphorus coating has been studied. It is shown that the etching of
the substrate in a mixture of chromium anhydride and nitric acid leads to the formation of an oxide chromate film on the
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surface of the alloy, additional treatment in a solution of hydrofluoric acid leads to the formation of a film consisting of
magnesium fluoride. It was revealed that an increase in the etching time in a mixture of nitric acid with chromium anhy-
dride leads to the formation of a more developed morphology of the surface, which contributes to an increase in the effort
required to detach the coating from the magnesium substrate.

Keywords: electroless deposition; coating nickel — phosphorus; magnesium; etching; activation; adhesive strength; sur-
face morphology.

Acknowledgements. The research was financially supported by the Ministry of Education of the Republic of Belarus
(assignment 2.1.06.01 of the state programme of scientific research «Chemical processes, reagents and technologies,
bioregulators and bioorgchemistry», state registration No. 20210558).

BBenenune

ITo cpaBHEHUIO ¢ aIIOMUHUEBBIMHU CIUTABaMU MarHHWEBbIE CILIaBbI 00J1a1al0T MEHBIINM Y/IeIbHBIM BECOM,
XapaKTepu3yI0TCcs BBICOKOHM MPOYHOCTEHIO, UTO JIeTaeT X epCHeKTUBHBIMU KOHCTPYKIIMOHHBIMU MaTepHuaIaMu
JUISl TAKUX OTpaciiel, Kak aBToOMOOmIIe-, aBua- 1 pakeTocTpoeHne. OHako u3-3a 6osee BEICOKOTO OTPUIATEIb-
HOT'O 3Ha4Y€HUs CTAHAAPTHOIO 3JIEKTPOIHOIO NOTEHIMaNa Maruus (£ &gy/Mg =-2,36 B; E% /5 = 1,67 B) ero
KOPPO3MOHHAs aKTUBHOCTb BBIIIIE, YeM KOPPO3HOHHAs aKTUBHOCTH altoMUHNUsSA. KpoMme Toro, B OTJIIMYHE OT ato-
MHUHHEBBIX CIIJIABOB €CTECTBEHHAsI OKCUIHAS TUICHKA, 00pa3yromascsi Ha OBEPXHOCTH MarHusi, He CrocoOHa
3alIUTUTD €T0 OT KOPPO3UOHHBIX pa3pylIeHni. MarHuii akTHBHO PacTBOPSETCSI B TIOABIISIONIEM OOJIBIINHCTBE
KHCJIOT U coJicii. B HEeKOTOpBIX pacTBOpax, colepKamux HOHbl PTOPUAOB, XpoMaToB u (ocdaroB, MarHui
MIOKPBIBAETCSI TACCUBHOM 3alIUTHON IUICHKOM, OJIHAKO JIaHHAs IJICHKA HE BCEI/1a SIBJSCTCS CIUIOIIHON U OJTHO-
POJHOM, B pe3y/bTaTe 4ero oHa He ClocoOHa 00eCTeUnTh HaIeKHYIO 3alllUTy Maruus oT KOPPO3MOHHBIX pa3-
pyuenuii [1]. ITo cpaBHEeHHIO ¢ TACCUBHBIMU 3aIIUTHBIMU IJICHKAMH METAJUITMYECKUE MTOKPHITHS, HAHECEHHBIE
XUMUYECKUM WIIH DIIEKTPOXUMHUUECKUM CIIOCOOOM Ha MAarHUEBBIE CIIJIABbI, 00Ia/Iat0T CYIIECTBEHHBIM [TPEUMY-
IecTBOM. MeTauindeckue MOKPBITUS OoJiee yCTOMYMBBI K MEXaHUYECKHM BO3/ICHCTBUSM, XapaKTePU3YIOTCSI
MIOBBIIIEHHOM TBEPIOCTHIO M M3HOCOCTONKOCTBIO, @ TAKKE ABJSAIOTCS eKTponposoasummu [2—-5]. [IpuBoau-
MBbI€ B JIUTEpPAType COCTABBI PACTBOPOB OCAXKACHHUS MOKPHITHH, a TaKKe METOAMKH MOJITOTOBKH MTOBEPXHOCTH
MIPUMEHSIIOT [Tl MAarHUEBBIX CIIJIABOB, OTJIMYAIOIIMXCS OT UCCIIEAyeMOTo HaMU criiaBa Maraus MA2-1 nporeHr-
HBIM COJIEpKaHHEM ITPUMECHBIX JIEMEHTOB — AJIIOMUHHNSA, IMHKA, MapraHiia 1 p. AJTIOMUHHNA B COCTaBe CIIaBa
UCIIOJIb3YETCSL B KQUECTBE JIETUPYIOLEr0 KOMIIOHEHTA I YBEJIIMUEHUSI KOPPO3HOHHOM cTolkocTu. Hanmnuue
€ro B CIUIABE TAK)KE MOXKET NPUBECTU K 00PA30BAaHUIO MHTEPMETAIUINIOB IEpeMEeHHOro cocTasa (Mg Al,), ko-
TOpBIE, KOHIIEHTPUPYSICh MPEUMYIIECTBEHHO 0 IPaHUIaM 3epeH, MOTYT SIBIISATHCS MPUYUHON HECTaOMIIBHOTO
MOBEPXHOCTHOTO TIOTEHIIMAJIa Ha OT/IeNbHBIX ydacTKax ciuiaBa [6]. Hapsay ¢ BbICOKOWH aKTHBHOCTBIO MarHus
U €ro CIIOCOOHOCTBIO K 00pa30BaHUIO B aTMOC(Eepe BIAKHOTO BO3AYyXa OKCHIIHBIX U THAPOKCHIIHBIX CIOEB,
HECTaOUIILHOCTB ITOBEPXHOCTHOTO MTOTEHIIMAIa MarHUsI IPENSATCTBYET IMOJIy4EHUIO OECIIOPUCTHIX, aAT€3NOHHO
NPOYHBIX METAJUIMYECKUX MOKpBITHH. [Ipemiaraempie B muTeparype criocoObl PelIeHUs TaHHOH MpOoOIeMBbI
MOKHO YCJIOBHO Pa3JeNUTh Ha Tpu rpynmnbl. K mepBoil rpymme oTHOCSTCs criocoObl 00pabOTKH MarHUEBBIX
CIJIAaBOB B KHCJIBIX PACTBOPAX TPABJICHUS U aKTUBAIMH, COJICPKALINX HOHBI (ocdaToB, HUTPATOB, XPOMATOB,
(GTOPUIOB U Ap., UL CO3AaHUS IPOMEKYTOYHOH 3aIIUTHOHM TACCUBHOM TNICHKH C IMTOCJIEAYIOINM XUMHUECKUM
WM DTICKTPOXUMHUUYECKUM OCQKICHUEM METAUINYECKUX MOKPBITUH [7—10]. BTopas rpymnmna BKIIOYaeT CrocoObl
NpeBApUTEIBHOTO OCAXKICHUS KOHTAKTHOTO CJI0st 00J1ee DIIEKTPOIIOJIOKHUTETFHOTO METaIlIa B LEISIX CMELICHUSI
MOBEPXHOCTHOTO IEKTPOAHOTO MOTEHIMAIA B aHOIHYIO 00nacTh. i 3THX 1ieJeil yale BCero UCIoNb3yoT
KOHTaKTHOE OCaX/I€HUE [IUHKA C MOCIIEAYIOIINM 3IEKTPOXUMHUECKUM OCaX/I€HUEM MHOTOCIONHBIX METaIIIH-
YeCcKUX MOKpbITHH [6; 11-17]. K TpeTheii rpyme oTHOCHTCS CIOC00 MPEABAPUTEILHOTO HAIOKEHHUS aHOTHOTO
UMITYJIbCA TOKA JUIsI CEIEKTUBHOTO BBHITPABIMBAHUS HHTEPMETAIIMIOB U CO3JaHHs Pa3BUTON MOpP(HOIOTHH
MOBEPXHOCTH € MOCIEAYIOUINM NIEKTPOXUMHUYECKUM OCaKIACHHEM MOKphIThi [18-21].

Hcnonp3oBaHue NMpoieccoB ¢ MPUMEHEHHEM KOHTAKTHO OCaXI€HHOTO CJI0s IINHKA HE MPEICTaBIIeTCs BO3-
MOKHBIM B T€X 00IIaCTSIX, T/I€ IPEIBSIBISIOTCS 0COObIC TPEOOBAHMUS K JIETYUECTH UCIIOJIb3YEMBIX MaTePHUAIIOB.
[Iporecchl ¢ HaIOKEHUEM aHOTHOTO UMITYJIbCa TOKA, KaK MPABUIIO, IPUBOIAT K POPMUPOBAHUIO TOBEPXHOCTH
C BBICOKHM KO3()(h)UIIEHTOM IIEPOXOBATOCTH, YTO TAKKE 3HAUNTEIHLHO OTPaHMYUBACT O0JIACTH UX TPUMEHE-
Hust. Hanbonee nepcneKTrBHBIM NPEICTaBISETCS CIIOCO0 3alIUThI TIOBEPXHOCTH MarHUEBOTO CIIaBa OT KOp-
PO3HOHHBIX pa3pylIeHUH, OCHOBAaHHBIM Ha 00pabOTKe B PaCTBOPAX TPABJICHHUS H AKTHBALIUH C TIOCIICAYIOINM
OCaXJICHHUEM METaNTHYE€CKUX MOKPBITHH.

Lenbro maHHON paboTHI SIBISICTCS] UCCIEOBAHUE BIHMSIHHUS yCIOBHN MPEABAPUTEIBLHON MOATOTOBKH TIO-
BEPXHOCTH MarHueBoro crjiaBa MA2-1 B XpoMaTHOM TpaBuTelie U (pTopHuIcoAepKalleM pacTBOpe aKTHBALIUH
Ha M3MEHEHHE DIICKTPOJHOTO MOTCHIMANIA, MOP(OJIOTHIO MMOBEPXHOCTH, a TAKXKE aJre3MOHHYIO MPOYHOCTD
XUMHUYECKH OCAXKJICHHOTO MMOKPBITUSI HUKEIh — (hocdop.
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MaTepnanbl U METOAbI HCCJICAOBAHUSA

B kauecTBe momokek MCIOIB30BaK 00pa3ikl MaruueBoro cruaBa MA2-1 pazmepom 30 x 15 MM, KOTO-
pbIe, COIIACHO CIIPABOYHBIM JIAHHBIM, HUMEIOT ClIeAyonmil coctas: 92,9-95,4 mac. % Mg; 3,8-5,0 mac. % Al;
0,6—1,5 mac. % Zn; 0,2-0,6 mac. % Mn.

[lepen HauanoM ocaxaeHUst 0Opa3Lbl IOBEPrajlyd MEXaHUUECKON 3aUMCTKE IPHU ITOMOIIH LITH(OBAIBLHON
oymaru 3epauctocthio 400 u 600 ef., yTbTpa3ByKOBOMY XHMHYECKOMY O00€3KUPUBAHHUIO B PACTBOPE, COMEP-
xameM 50 r/n NaOH, 10 r/n Na;PO, - 12H,0, B Banne Sonorex (35 xI') (Bandelin Electronic, I'epmanus)
ipu temreparype 65 °C B Teuenue 10 MHUH, TPOMBIBKE AUCTUIUIMPOBAHHON BOJIOM. TpaBieHUe MOAIOKEK
OCYILECTBIISUIN B XpoMaTHOM TpaButele, copepxateM 120 r/n CrO;, 110 m/n (63 %) HNO;, npu koMHaTHOM
temneparype (18 + 2) °C, MexaHU4eCcKOM TiepeMelINBaHNN pacTBOpa MarHuTHOW Memrankorn C-MAG HS 7
(IKA-Werke, I'epmanusi) co CKOPOCTBIO BpalieHus Mmaraura 750 06/mMuH. Bpems Tpasienust Bappupoain ot 10
10 60 ¢. 3aTeM MarHueBbie 00Pa3IIbl TPOMBIBAIIN AUCTHUIUIMPOBAHHOM BOIOM U IPOBOIMJIIM OTICPAIMIO aKTUBAIIMU
B pacTBope, conepkameM 55 mu/n (47 %) HF. IIpomomxurensHOCTE 00pabOTKH B JAHHOM PAacTBOPE COCTaB-
nsta 7 muH nipu Temreparype (18 £2) °C. [porecc Bemu mpu MeXaHUYEeCKOM TepeMeNIMBaHUU MAarHUTHOM
MEILAJIKON CO CKOPOCTHIO BpateHust Maruuta 750 06/muH. lasnee ciaeqoBana onepanus XUMHIECKOro 0Cax/ie-
HUS TOKPBITUS HUKeNb — pocdop. Ee npoBoauiu B pactBope, conepxariem 10 r/n NiCO; - 3Ni(OH), - 4H,0,
20 r/n NaH,PO, - H,0, 5,2 r/n C(HO,, 6 mu/n (47 %) HF, 10 r/n NH,HF,, npu pH 6,0-6,3. KuciorHocTs pac-
TBOpa HUKEJIMPOBAHUS nojaepskuBanu npu nomomu 25 % NH,OH. Ocaxxaenue nokpeITusi HuKen5» — Gpochop
OCYILECTBIISUTN B HOJIUIPONUICHOBOM eMKOCTH 00beMOM 250 MJI C HCIIOIb30BaHUEM BOASHOW OaHU MIPU TeMIIe-
parype (80 £ 2) °C u HenpepbIBHOM IEPEMEIIUBAHUN PACTBOPA CO CKOPOCTHIO BpaliieHus: Maruuta 750 00/MuH.
Bpewmst ocaxxnenus coctaBisuio 30 MuH.

XUMHMYECKUI COCTaB MarHWEBOIO CIUIABA ONPEACIISIIM PEHTICHO(IYOPECIIEHTHBIM METOJIOM C IIPUMEHE-
HUEM dHeproaucrnepcuonHoro crekrpomerpa Epsilon-1 (PANalytical, Hunepnauaer). [lyist pacuera TONIUHBI
MOKPBITHSI HUKENb — (hocop peHTreHOIyoOpeCIIeHTHBIM METOIOM UCTIOIB30BaIH CIICIAIbHOE TIPOTPAMMHOE
obecnieuenue Stratos. UccnenoBanue MOpGhOIOrum U pacipeieieHUe JIEMEHTOB Ha TIOBEPXHOCTH OCYILECTBIIS-
JIU ¢ TTIOMOIIBIO AnekTpoHHOTo MUKpockona LEO-1455VP (Carl Zeiss, I'epmanusi), cHaOKEHHOTO JETEKTOPOM
00paTHOOTPaKECHHBIX DJICKTPOHOB U PEHTI€HOCHEKTPaIbHBIM MHKPOAHATU3aTOPOM. AIT€3MOHHYIO TPOYHOCTD
W XapaxkTep pa3pylIeHUs] XUMUYECKH OCa)ICHHOTO TIOKPBITHS HUKENb — (OochOp BBIIBUIIN C MIOMOIIBIO Me-
xaamdeckoro aaresumerpa «Koncranta AL (OO0 «K-My, Poccnst). Kaxkaprit o0paserr u3Mepsiin He MeHee
LIECTH pa3 U ONpEeleIIsUIM cpeliHee apupMeTHIecKoe 3HaueHue ycmus orpeiBa (B Mlla), Takxe npoBoauin
aHaJIM3 XapakTepa pa3pyLICHUs MOKPITUS IPH OTPHIBE.

W3menenus noreHuana pa3oMKHYTOH [N MarHueBoro ciuiasa MA2-1 Bo BpeMeHHU perucTpupoBaii npu
TTOMOIIH TToTeHIocTaTa-rainpBanocrara [1H-50 Pro (OO0 «2muHCey, Poccust), conpsyKeHHOTO ¢ KOMITBIOTEPOM.
Wzmepenwst MpOBOHITH, UCTIONB3YS IBYXAIEKTPOJHYIO CUCTEMY C sTderikoi o0beMoM 100 MIT 1Tt M3ydeHHsI SIeK-
TPOXUMHUYECKUX MPOLECCOB. B KauecTBe 31€KTposa CpaBHEHHS MPUMEHSUIN HACHIIIEHHBIN XI0pcepeOpsHbIi
ANIEKTPOJ, TOMEICHHBIN B Kanuyuisip Jlyruna. Pabouwnii anexTpos npeactasiisii coboit oOpaser mpsMoyroibHOH
(hopmel TUTOTIIANBIO 1 oM’ M30JIMPOBAHHBIN ¢ 0OpAaTHONW CTOPOHBI 3AIUTHBIM XUMHUYCCKH CTOMKHAM JIAKOM.

Pe3yabrarhl 1 HX 00Cy:KI€HHE

Hcnonkyemsbie B paboTe 00pa3ipl MarHueBoro cruiaBa MA2-1, cortacHO JaHHBIM PEHTIeHO(ITyOpeCIeHT-
HOTO aHaJIM3a, UMEIOT cleayromuid coctas: 93,0 mac. % Mg; 5,5 mac. % Al; 1,2 mac. % Zn; 0,3 mac. % Mn.
Ha puc. 1 npencraBieHbl CHUMKH ITOBEPXHOCTH 00pa3iia MarHueBoro cruiaBa MA2-1, moiy4eHHbIe ¢ TOMOIIBI0
CKaHMPYIOILEH 3JeKTpOHHON MHUKpockonuu (COM), a Takke CIEKTPhI pacrpeiesIeH s IEMEHTOB BIIOJb JIU-
HUU CKAaHUPOBAHUS TOCIIE 00pa0OTKH B IEIOYHOM PacTBOpe 00e3KUPUBAHUS, cofeprxkalieM docdar HATPusl.

Ha noBepxHOCTH OTYETIMBO BUIHBI HCXOJHbIE OOPO3/bI, MOTYUYEHHBIE B PE3YJIbTATe MEXaHNUECKOTO [IUIN-
¢doBanus (cm. puc. 1).

CornacHO aHHBIM TPaBUMETPUYECKOTO aHalu3a yObUIb Macchl He HaOMonanacs. ITo TOBOPUT 00 OTCYT-
CTBHHU PACTBOPEHUSI MarHus B IEIOYHOM pacTBope Gocdara Harpust. Ha cBeTibIx yyacTkax 3a(uKCHpOBaHO
MOBBIIIEHHOE COJEP)KaHUE KUCIOPOa, AIIOMUHUS U MapraHia. Maprasel 1 altoMUHAN BXOZST B COCTaB CIUIA-
Ba B KaUECTBE JITHPYIOIUX 1eMeHTOB. OHM MOTYT 00pa30BbIBATH HHTEPMETAIUINABI IEPEMEHHOTO COCTaBa
Mn, Al,. [IpucyTcTBHE Ha MOBEPXHOCTH BKIIIOYCHUH B BUIE HHTEPMETAIUINIOB MOKET IIPUBOANTH K 00pa-
30BaHMIO0 MUKPOTAIIbBAHOIAP, KOTOPBIE, B CBOIO 0Yepellb, CIIOCOOCTBYIOT YCKOPEHHIO KOPPO3UU MarHUEBOTO
cruiaBa. Hanuuue kucnopona cBUIAETENbCTBYET 00 00pa30BaHUM OKCHIOB WM T'MIPOKCHIOB ITHX 3JIEMEH-
TOB, HPEMSATCTBYIOLUIMX KaYeCTBEHHOMY CLEIICHHIO OCaXKAaeMOT0 B MOCIEIYIOUIEM HOKPBITHS C METAJIOM
TOJIOKKH.
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Puc. 1. Pacnipenenenue copepkaHus 2JIeMEHTOB
Ha MOBEPXHOCTH BIOJb aHAIN3UPYEMOU THHUU:
1 — anroMuHUKR; 2 — KKCTIopoa; 3 — Maprasen

Fig. 1. The distribution of elements on the surface
along the analysing line:
1 — aluminum; 2 — oxygen; 3 — manganese

Oo0paboTka B XpoMaTHOM TpaBHTeJe. /sl ynajaeHusl ¢ MOBEPXHOCTH MarHMEBOIO CIUIaBa OKCHIHBIX
Y TUAPOKCHUIHBIX MTACCHBHBIX TUICHOK MTPOBOAMIIM OTIEPALMIO TpaBieHus. BeiOop XpomaTrHOTO pacTBopa B Ka-
YECTBE TPABUTENS OOYCIIOBJIEH €ro BHICOKOW 3((hEeKTHBHOCTHIO OUYMUCTKH TIOBEPXHOCTH MarHus MPH Majiou
CKOPOCTH TpaBJIeHUs MOAJOKKH. bbuto 3amMedeHo, 4To B npoiecce 00padboTku 00pas3oB B JaHHOM PacTBOpE
MIPOUCXO/IUT HE TOJIBKO CHATHE OKCHIHBIX INIEHOK, HO M HE3HAYUTEIHHOE PACTBOPEHIE MarHU B KUCIIOH cpejie.
VCTAaHOBIIEHO, YTO B TEYEHHE MEPBBIX 60 ¢ TPABICHHS CKOPOCTh YHOCA MATHHS COCTABISeT 6 Mr/(cM” - ¢), Iasee
yHOC 3aMezisiercs, u o uctedennn 100 ¢ TpaBneHust Macca 00pasia NpaKTUYeCKH HE N3MEHSAETCSI.

Ha pwuc. 2 npeacrasnenst COM-CHUMKH TOBEPXHOCTH 00pa3I0B MarHueBoro croiaBa MA2-1, momydeHHbIe
nociue o0padoTKK B XpoMaTrHoM Tpasutene B TedeHue 10—60 c. 13 puc. 2 BuaHO, 4TO IpH TPaBJICHUHU Ha MPO-
TsokeHnH 10 ¢ MOpQOIIOTHsI TOBEPXHOCTH MPAKTHUECKH HE M3MEHsIETCs. TOJIBKO Ha OTJCTBHBIX YYaCTKaX MOKHO
3aMEeTHTh He3HAUYUTEbHBIE pacTpaBsl. [1pn yBenmudeHN# MpoaoIKUTENbHOCTH 00pabOTKH MOBEPXHOCTH MarHus
CTaHOBHTCS OoJiee Pa3BUTON M TPaBJICHHE PAaBHOMEPHO NPOTEKAET Ha BCEH MOBEPXHOCTH (CM. pucC. 2, 0, 8).
HanpHeiiniee yBenuueHne BpeMeHu Tpasienus 10 40—60 ¢ mpuBoauT Kk oOpa3oBaHMIo 00IacTeil Ha MOBEpPX-
HOCTH MarHUeBOTO CIJIaBa C ITyOOKMMH BIIaJJUHAMH U PHITBUHAMH (CM. pHC. 2, 2 — ¢). CrietyeT OTMETHTB, YTO
JIUIIB TT0 BcTedeHnH 50 ¢ TTOTHOCTHIO HCYE3al0T CIIe bl IPEABAPUTENIEHON MEXaHNIECKOW 00pabOTKH MOBEpX-
HOCTH (CM. pHC. 2, 0).

Cor1acHO JTaHHBIM YHEPTOANCIIEPCHOHHOIO aHaIK3a Ha TOBEPXHOCTH MPOTPABIEHHOTO B TeueHue 40 ¢ 00pas-
I1a MAarHUEBOTO CIIIaBa, IOMUMO IPUMECHBIX 3JI€MEHTOB, OblIH 3adukcupoBansl 2—4 at. % Cr u 2026 ar. % O,.

Ha puc. 3 npeacraBiena MHOTOCITIORHAS KapTa paciipeesieH s SJIEMEHTOB 110 TOBEPXHOCTH MOCie 00paboT-
KU B pacTBOpe TpasieHus. OTUETIINBO BUAHO, YTO CUTHAJI OT MarHus cinadee B TeX 00JacTsX, Iae HabIroaaeTcs
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MOBBIIICHHOE CoJiep KaHke XpoMa (0003Ha4EH )KENTHIM [[BETOM) M KUCTIOpo/ia (0003Ha4YeH ToIyObIM IIBETOM) Ha
MoBepXHOCTH. Takke 3TH 001acTH XapaKTepU3yIOTCsS HATMYHEM TITyOOKHUX BITAIWH M PHITBHH, HA OTAEIBHBIX
y4acTKax MOXKHO 3aMETUTh IIPUCYTCTBHE BKPAIUICHUH aTfoMUHUS (0003HAYCH KPACHBIM LIBETOM).

W3BecTHO, 4TO XpPOMOBBIM aHTUAPHUJ ITPU PACTBOPEHUH B BOAE 00pa3yeT CHIIBHYIO JUXPOMOBYIO KHUCIIOTY.
B pesynbrare B3auMOneCTBHS MarHust ¢ AMXPOMOBOM KHUCIOTOM MPOUCXOAAT BOCCTAHOBICHHUE LIECTHBAICHTHOTO
Xxpoma 1 obpaszoBanue okcuaa xpoma(lll), Bxoasmero B coctaB naccuBHO tuieHKH. OOpa3zoBaBIIasicss TAKUM
00pa3oM IJICHKa MOXKET CIOCOOCTBOBATh 3aME/IJICHUIO CKOPOCTH PACTBOPEHMS MAarHUS, a TAK)KE 3aIIUIIATh €T
OT MOCIEAYIOIIETO OKUCIEHUS.

ala o0/b

Puc. 2. COM-n306paxeHus 00pa3nos
MaraueBoro cmiasa MA2-1 nocie o0paboTku B pacTBope,

conepskarieM 120 r/n CrO; u 110 mun/n (63 %) HNO;.

Bpewmst TpaBiIeHHUsI COCTABIISIIO
10 ¢ (a), 20 ¢ (6), 30 ¢ (8), 40 ¢ (2), 50 ¢ (0), 60 c (e)
Fig. 2. SEM images of samples
of magnesium alloy MA2-1 after treatment in a solution
containing 120 g/L CrO; and 110 mL/L (63 %) HNO;.
The etching time was 10 s (a), 20 s (b), 30 s (¢), 40 s (d), 50 s (e), 60 s (1)
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Puc. 3. MHoOrocoiHas kapTa pacrpeieseHus YIEMEHTOB Ha TOBEPXHOCTH
obOpasia MaraueBoro crasa MA2-1 nocne o6paboTkn
B 120 r/n CrO;, 110 ma/n (63 %) HNO; B Teuenue 40 ¢

Fig. 3. Multilayer map of the distribution of elements on the surface
of the MA2-1 magnesium alloy sample after treatment
in 120 g/L CrO4, 110 mL/L (63 %) HNO; for 40 s

AKTHBAIUS MOBEPXHOCTH MATHHEBOIO CIJIABAa. AKTHBAIIMIO MTOBEPXHOCTH ciuiaBa MA2-1 mpoBoammm
B pacTBOpe GTOPUCTO-BOIOPOTHON KUCIOTHI. []enb JaHHOM onepaliuy 3aKiovanach B CHIOKEHHN aKTUBHOCTH
MarHMeBOTO CIUIABA U TIOABJICHUH MPOIIECCa KOHTAKTHOTO BEITECCHEHHSI HUKEIS B PACTBOPE XUMHUECKOTO HUKE-
JTUPOBAHUS ITyTeM (OPMUPOBAHUS HA TOBEPXHOCTH IMTACCUBHOM IJICHKH (TopH1a MarHus. D(HHeKTHBHOCTD 00-
pa30BaHuUs MACCUBHOM MJICHKU OLICHUBAIIM IO U3MEHEHHUIO MOTCHIUAIIA PA30MKHYTOMH [IETIH TPH BbIICP)KUBAHUT
B pacTBOpe aktuBaiuu. 13 puc. 4, a, BUJHO, YTO aKTHUBAIUs TIOBEPXHOCTH MAarHUEBOTO CIIaBA HE H3MCHSIET €¢
MOP(OIIOTHIO: OTYETIUBO BUHBI HEPOBHOCTH, OCTABIIKECS MTOCIIE TIPEIBAPUTEIHLHON MEXaHNUeCKoi 00paboT-
ku o0pasia. PucyHok 4, 6, mokasplBaeT, 4TO MOCIE MOTPYKEHHSI MArHUEBOTO 00pasiia B pacTBOpP aKTHUBAIIUU
€ro MOTEHIMAJl PE3KO CMEIaeTCsl B 00JacTh AIEKTPOIOIIOKHUTENbHBIX 3Ha4eHUH B mepBbie 30 ¢, mocie 4ero
CKOpPOCTh POCTa MOTECHIINAIA 3aMeIsieTCs, U 1o uctedeHnu 200 ¢ kpuBasi BRIXOAWUT Ha 11ato (£ = —580 MB).

ala o/b

“so0}
—600 et
~700 -

~800 F
~900 £
~1000 £
~1100
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Puc. 4. COM-u3o0pakenne odpasia MaraueBoro crurasa MA2-1 nmocie o6pabotku
B pactBope 55 mi/n (47 %) HF (a); xpuBas 3aBHCUMOCTH MOTECHIHAIA PA3OMKHYTOH 1eTH
OT BpeMeHH 00paboTku B pactBope 55 mun/n (47 %) HF (6)

Fig. 4. SEM image of a sample of magnesium alloy MA2-1 after treatment
in solution 55 mL/L (47 %) HF (a); curve of dependence of open circuit potential
on treatment time in solution 55 mL/L (47 %) HF (b)

Takoke rmocie akTHBALUK TOBEPXHOCTH ObLT 3a()MKCHUPOBaH HE3HAYHUTENBHBIN MpUBeC Macchl oOpasua. Cpen-
HSIS CKOPOCTH yBEHUEHHS Macchl cocTaBima 5,8 - 107* Mr/(cM? - ¢), a Ha MOBEPXHOCTH OBLTO 3a(UKCHPOBAHO
Hannuue (ropa B konmuectse 12,5 at. %. DT0 MOXKET CBUIETENbCTBOBATh O ()OPMUPOBAHUN TOHKOHM IUIEHKH
TPYIHOPACTBOPUMOTO (hpTOpHIA MarHus, KOTOPasi MOXKET BBICTYIIAaTh B KadeCTBE Oapbepa U MPensTCTBOBATh TEM
CaMbIM aKTUBHOMY PacCTBOPEHHIO MarHUEBOT'O CILIABA.

Kak BuHO U3 puc. 5, Ipu NoCIea0BaTeIbHOM IPOBEACHUH OTIepaluii TpaBIeHHS U aKTHBALUH MOP(HOIOTUs
MOBEPXHOCTH MAarHUEBOTO CIUIABA OCTAETCS HEOAHOPOIHOM, OTHAKO YYAaCTKH IMOBEPXHOCTH C MEHBIIEH cTe-
MIEHBIO [IEPOXOBATOCTH, OCTABABIINECS PaHEe HEIPOTPABICHHBIMH (CM. pHUC. 3), HECKOJIBKO Pa3phIXJISIOTCS.
Takoke U3 prc. 5 BUIHO, YTO TOCIIE ONEPaLUK aKTUBALUK Hapsay ¢ (GTOPUIHOHN TIICHKOW MarHus Ha MOBEpX-
HOCTHU OcTaeTcs U chopMupoBaHHas paHee XpomaTHas IuieHKa. OO 3TOM CBHIETEILCTBYET HAJHMYUE XpOMa
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(0003HaUEH KEATHIM I[BETOM), (pTopa (0003HAUEH CaaTOBBIM I[BETOM) M KUCJIOPOAa (0003HAUEH TOyObIM
[[BETOM) Ha OT/ICTBHBIX YUAaCTKaX MOBEPXHOCTHU (CM. pHc. 5). [Tpudem GpTopuaHas TUICHKA MPEUMYIIIECTBEHHO
(bopMHpyeTCst Ha TeX e y4acTKax MOBEPXHOCTH, I7e paHee MPOMCXOAMIO 00pa3oBaHUE TUICHKH TPYIHOpa-
CTBOPHMBIX COCINHEHHUI XpOMa.

Puc. 5. MHoOrOCIIOlHAas KapTa pacipe/ieIeH s IIeMEHTOB Ha TIOBEPXHOCTH 00pasiia Mar-
HueBoro craBa MA2-1 mocie mocienoBarenbHol 00paboTKU B pacTBOPaXx,
conepxarux 120 r/n CrO; u 110 Mo/ (63 %) HNO;, u B pactBope 55 mi/n (47 %) HF

Fig. 5. Multilayer map of the distribution of elements on the surface of the MA2-1
magnesium alloy sample after sequential treatment in solutions containing 120 g/L CrO,
and 110 mL/L (63 %) HNOj; and in solution 55 mL/L (47 %) HF

XHUMHYecKoe 0caxKIeHne MOKPbITUSI HUKeIb — hocdop. Vcnonb3yeMblil pacTBOP XUMHUYECKOTO OCAKICHHS
MOKPBITHSI HUKEJIh — POCOpP CONEPIKUT HOHBI (YTOPUIOB, KOTOPHIC HEOOXOIUMBI JIJIS TIOIJICPIKAHUS YCTONYH-
BOCTH (PTOPUTHON TTACCHBHOM IUICHKH, CPOPMHUPOBAHHOM MTPH MPOBEJACHUN aKTUBaIMH. [Iporiecc ocaxaeHus
MTOKPBITHS HUKEIh — (hochop Ha TOBEPXHOCTh MAarHUEBOTO CILTaBa COMPOBOXKIAETCS WHIYKIIMOHHBIM TIEpUO-
oM (60—120 c), KOTOpEIit, Mo-BHANMOMY, 00ycioBieH auddy3neii HOHOB HUKEIS depe3 MacCUBHYIO TUICHKY.
Ha puc. 6 mpencraBineHbl CHUIMKHU TTOBEPXHOCTH MarHUEBOTO cruiaBa MA2-1 mocie XUMAYECKOTO OCaKICHUS
MOKPBITHSI HUKEIh — (hoCHOp TONIIHMHOHN 0koI0 10 MKM IIpu pa3HON NMPOIOIHKUTEIBHOCTH MPEABAPUTEIHLHOIO
TpaBieHus B XxpoMaTHOM pactBope (10—60 c) u mpu mocTossHHOM BpeMeHH aktuBaiuu (7 muH). Mukpopensed
OCQXXJIEHHOTO MTOKPBITHS HUKENb — Pochop IpaKTHIECKH HE MEHSETCS MTPH YBEITMUIESHUH MTPOIOIKUTETFHOCTH
tpasnenus or 10 mo 30 c. [Ipoucxoaut GhopmMupoBaHHe PAaBHOMEPHOTO, MEIKOKPUCTAUINICCKOTO MOKPBITHS
¢ pa3MepoM o0y mpuou3uTensHo 1,5-3,0 MM (cM. puc. 6, a — ). OTYSTIUBO IPOCIICIKUBACTCS HAIIPABIIC-
HUe pocra KpucTtaiwos. [Ipu Gonee murenbHOM XpoMaTHOM TpasieHud (40—60 C) TONIIMHBI TOKPHITHS HU-
KeJb — pocdop 10 MKM HETOCTATOYHO /TS BEIpAaBHUBAHUS MOP(HOIOTHH MTOBEPXHOCTH MOJUIOKKH ¥ TIOKPHITHE
Ha MTOBEPXHOCTH BBITJISIIUT HEOTHOPOTHBIM.

B Tabnuie npuBeneHbl 3HAYCHUS YCUIIHSI OTPhIBA XUMHUSCKH OCaXIECHHOTO TIOKPBITHSL HUKENb — hochop,
a TaKKe MPOIICHT TUIOIIA N OBEPXHOCTH TIOKPBITHS, KOTOPAst OTCIOUIIACH TP HAJO)KEHUHU YCHIIHAS HA OTPHIB
B 3aBHCHMOCTH OT MPOJODKUTEIHHOCTH TPaBJIEHHI MarHHEBOTO CIJIaBa B XpPOMAaTrHOM TpaBuTene. M3 maH-
HBIX TaOJIUIBI BUIHO, YTO BPEMs TPABJICHHS B XPOMAaTHOM PAacTBOPE OKa3bIBACT CYIICCTBEHHOE BJIMSHUC HA
aJIFe3MOHHYI0 IPOYHOCTH MOKPBITH. [Ipu Manmom Bpemenu TpasieHus (10-30 ¢) ycuiue oTpbiBa XUMUYECKU
OCaXKJICHHOTO MTOKPBITHS OT MATHUEBOH MOTIOKKH HEOOIbIoe U cocTaisier 2,3—3,2 Mlla, Habnrogaercs Takke
OOJBIITON TPOTIEHT ILIOMIA I OTCIOCHHUS TIOKPBITHS OT MOANIOKKH (44—69 %). C yBennueHneM mpo 0 KATENb-
HOCTH TPABJICHUS OTMEUAIOTCS SKCIIOHEHIIHAIBHBINA POCT a/Ir€3MOHHON ITPOYHOCTH MOKPHITHS 110 4,6—8,8 MIla
U CYIIECTBEHHOE CHIKCHHUE IJIOMIAAN OTCIOCHHUS TIOKPBITHS OT MOUTOKKH (10 8 %) (cM. Tabnmuiry).

3aBHCHMMOCTD YCHJIMSI OTPHIBA XUMHYECKH 0CAKIEHHOT0 MOKPBITHS
HUKeJb — Gocdop M NUIOMAAN OTCI0EHUsT MOKPBITHS
OT MPOIOIKHTETLHOCTH TPABJIEHHSI MOINIOKKH MATHHEBOIO CIJIaBa
B XpOMATHOM pacTBoOpe

Dependence of the peel force of a chemically deposited
nickel — phosphorus coating and the area of delamination of the coating
on the etching time of the magnesium alloy in a chromate solution

CpenHee 3HaUCHHUE TUIOMAN
t,c F, MIla OTCJIOCHUS TIOKPBITUS HUKeNb — (pocop
OT IOJUIO’KKH MarHueBoro cruiasa, %
10 2,3 63
20 3,1 55
30 3,2 44
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OKoOHUYaHHUE TaOIHUIBI
Ending table

CpenHee 3HaYeHUE ILIOMIANI
tc F, MIla OTCIIOEHHSI TOKPBITUS HUKENb — (hocdop
OT HOJUIOKKH MarHueBoro cruiasa, %
40 4,6 33
50 5,5 20
60 8,8 8

11 pumMcdaHuc. F- YCHIIHE OTPBIBA HOKPBITHUS OT MOAI0XKKH; ¢ — IPOJOJKUTEIILHOCTD
TPaBJICHUS TTOJIOXKKH.

Puc. 6. COM-u306paskenust 00pa3ioB MaruueBoro criasa MA2-1 nocie ocaxaeHus: TOKPBITHS
HUKeNb — Gocdop ¢ IpeaBapuTeIbHBIM TPABICHHEM B PACTBOPE, COACPIKALIEM
120 r/n CrOs, 110 M/n1 (63 %) HNO;, mpogomsKuTenbHOCThIO
10 ¢ (a), 20 ¢ (6), 30 ¢ (6), 40 ¢ (2), 50 ¢ (9), 60 ¢ (e)
Fig. 6. SEM images of samples of magnesium alloy MA2-1
after deposition of a nickel — phosphorus coating with preliminary etching
in a solution containing 120 g/L CrO;, 110 mL/L (63 %) HNO,
duration 10 s (a), 20 s (b), 30 s (¢), 40 s (d), 50 s (e), 60 s (f)
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3aKjaoueHune

[Ipeanoxena npeaBapuTeIbHas MOATOTOBKA MOBEPXHOCTH MarHueBoro cruiaBa MA2-1, obecrieunBaromas
XMUMHUYECKOE OCaXJICHUE aJre3MOHHO MTPOYHOTO MOKPBITUSI HUKENb — pochop. OHa BKIIFOYAET MEXaHUYECKOS
UM OBaHKE, YIBTPA3BYKOBOE MICTOUHOE 00E3KUPHUBAHUE, XPOMATHOE TPABJICHUE U (TOPUIHYIO AKTHBAIIUIO.
[TokazaHo, 4TO XpOMaTHOE TPABJICHUE PUBOAUT K (OPMUPOBAHUIO PA3BUTOTO MUKpOpeibeda MoBepXHOCTH
MarHMeBOro cIuIaBa ¥ 00pa30BaHUIO Ha Hell maccuBHOM mieHkH Cr,0O5, a hTopHuIHAs aKTHBAIMSA — K 00pa3oBa-
HUIO 3alIMTHOH IJICHKH, BKItouaromeit MgF,. YBennduenne npogomKUTeIbHOCTH XPOMaTHOTO TpaBiieHus ¢ 10
10 60 ¢ IPUBOAUT K POCTY aJre3UOHHON MPOYHOCTH XUMHUYCCKH OCaXICHHOTO MOKPHITHS HUKEIb — (hocdop
B 3,8 pa3a u CyIeCTBEHHOMY CHIKEHHIO TUTOIIAIH OTCIIOCHHS IIOKPBITHS OT MAarHUEBOH MOMIOKKH (110 5—10 %
OT 001l TUTOIIAIN).
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