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CTaB) 3aBHCHT OT PEXKHMOB 00OpabOTKH, TEIUIODU3IMICCKUX CBOMCTB 00pabaThiBacMOro MarepHaa,
NpUYeM KadecTBO 00pabOTKM — OT MEXaHW3Ma Pa3pylIeHUs] U KOJIUYECTBA KHUIKOH (a3bl, KOTOpas

o0pa3oBaiack IpH JIa3epPHOM HarpeBe.
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VJIK 621.9.048
BBEJIEHUE

IMpumeHenune (B KauecTBE MHCTPYMEHTA) C(HOKy-
CHPOBAHHOTO JIA3€PHOTO HM3JIyUYCHHUs Ul peaju3a-
IIMM TEXHOJIOTHU (Ppe3epoBaHusl TO3BOJIMIO CO3JaTh
YHUBEpCAIbHBIN mpoliecc, Oyarogaps KOTOPOMY
BO3MOKHO BECTH 00pabOTKy IMPaKTHUECKH JIFOOBIX
marepuanoB [1-5] (kepamuka, CHHTETHYECKHE W
€CTECTBEHHBIC alIMa3bl, TBEP/IbIC CIUIABBI, CTAIN U
up.). Ilpu naszeprom ¢pesepoBanuu (JID), kak mpu
OOBIYHOM CBEPXCKOPOCTHOM PE3aHUH M DIICKTPOHUC-
KpOBO#1 00pabOoTKe, OCYIIECTBIISIOTCS:

® TEXHOJIOTHSI CHATHS TIPHITYCKa CJI0¥ 3a cIoeM;

® [IOCTOSIHHOE 3ariyOJIcHHe B TEJIO 3ar0TOBKU
MHCTPYMEHTA (B HaleM cirydae — COKYCHpPOBAHHO-
ro MOTOKA JIa3ePHOTO H3IYyYEHHs, OrPaHHYCHHOTO
YCJIOBHOHW KayCTHYECKOW TOBEPXHOCTBIO, SIBJISIIO-
IIeicss B MPOCTPAHCTBE THITEPOOIONIOM BpAICHHUS,
UMEIOIIEM KMAJIBI» paboUnii y4acToK);

e COOJIIO/ICHHE YCIIOBHSI OTCYTCTBHS Iepeceye-
HHS TEJIOM HMHCTpyMeHTa (HE pabouuM Y4acTKOM)
MOBEPXHOCTH 00pabaThIBaEMOil 3arOTOBKH;

® 3aBHCHUMOCThH BEJIMYMHBI CHUMAEMOTO MPHITYC-
Ka OT CBOMCTB 3arOTOBKH.

st peanmzanuu TexHonoruu JI® oObYHO HC-
MOJIB3YFOTCS JIa3ephl Ha aJIOMOMTTPHEBOM T'paHaTe
(AUT) ¢ MoaynupoBaHHO# JTOOPOTHOCTHIO (AIHHA
BOJIHBI u3nyueHus — 1,06 MM, cpeaHsisi MOITHOCTh
usnyuenus P, — mo 100 Brt, wacrora ciemoBaHus
uminyabcoB N — g0 50 kI'n) [1-5]. dns peanuzaimun
TexHojorun JI® wuMeeT oOmpeneNeHHYI0 OCOOeH-
HOCTh. Tak, OJMHOYHBIA HMIYJbC (ATUTEIBHOCTH
tp-100-500 He, momHOCTh Pp — 10 5 KBT) 00pasyer
(myTem mcrmapeHus) B 00OpabaThIBAEMOM Marepuae
nyHky nquamerpoM 10-200 mxwm u riyouHoit ot 1 1o
100 mkm. ITpu 3TOM, Kak oTMeueHo [3, 4], B mporiec-
ce HarpeBa (B 30HE JICHCTBHS JIa3EPHOTO M3y YCHHS)

oOpabaTeiBaeMBbIii MaTepHaj HpeTepreBacT CTPYK-
TypHble W (a3oBbie mpeBpameHus. Yacts oOpazo-
BaBIICHCs KUIKOH (Da3bl IMOa JACHCTBHEM MapoB
TUTa3MBl, YAApHBIX BOJH BhIOpachIBaeTCs U3 00pas3o-
BaBIIEHCS JYHKH W OCeJaeT Ha MpHIIEraroleM
y4acTKe, UCKaxxasi He TOJbKO 00pabaThIBaeMyIO TO-
BEPXHOCTb, HO U 00pabOTaHHBIN y4YacTOK, KOTOPBIN
BHOBb HE00X0JMMO 00pabareiBaTh. OCOOEHHOCTH
JI® pasznuuHbIX MaTepUaloB IOCBAILICHA JaHHAs
pabora.

OKCIIEPUMEHTAJIBHOE OBOPY JOBAHUE U
METO/IMKA IMTPOBEJAEHNA NCCIIEJOBAHNN

HccnenoBanusi MPOBOAWINCH HA JKCIIEPHMEH-
TaJIbHOM JIa3€pPHOM OOOpYZOBaHUH B COCTaBE Jia3e-
poB Ha AU ¢ MomyaupoBaHHON HOOPOTHOCTHIO
(cpenmHsist MOITHOCTh M3TyueHUs1 Py B 0THOMOIOBOM
pexkume reneparu — ot 3 10 50 BT), cHabXeHHBIX
cepBHCHBIME TpucniocoOnenusmu [5]. Ilepemenie-
HUE CPOKYCHPOBAHHOTO H3IYYEHHUS MO TIOBEPXHO-
CTH 00pa3loB OCYLIECTBISIIM 2-KOOPAWHATHOU CH-
cremoii ckannpoBanus RAZORSCAN-15 co cmeHn-
HBEIMH O0BEKTHBaMHU. B kauecTBe 00pa3IioB MCIOIb-
30BaJIM 3aroToBku u3 cruiaBa BK8, cramm 6500, ky-
Oudeckoro HUTpUAa 60pa, KOHCTPYKIIMOHHOW Kepa-
MHKH Ha OCHOBE KapOuzaa kpemHus. B mpomecce uc-
CIIEZIOBAaHUN M3MEHSUIUCh CKOPOCTh CKAHMPOBAHHUS
Vs, mar mexny popoxkkamu StepOX u wacTtoTa cie-
noBaHus uUMIyibcoB (puc. 1). EcrectBenno, mpu
U3MEHEHUH VS M N H3MEHSIUCh KaK PacCTOSHHUS
StepOX mexnmy OTHeNbHBIMH MATHAMH paguyca Ip,
TaKk ¥ KOd(pQUIMEHT MX mepekpeiTus. B kaxmoin
9KCIIEPUMEHTAJILHOM TOYKE OMBITHI TyOnupoBanu 3
pasa. l3MmepeHusi pe3yabTaTOB B3aUMOACUCTBHSA
C(pOKYCHPOBAHHOTO JA3€PHOTO H3ITYyYCHUS C MaTe-
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puanamu (rayouna ob6pabotku H m BbIcOTa MUKpO-
HepoBHOCTeil Rz (puc. 1)) mpoBOIUIN C MOMOIIBIO
WHCTPYMEHTaIbHOTO MuKpockomna BMU-111 u nBoii-
HOTO MHUKpockomna Jlmaamka MUC-11. Xumudeckuit
COCTaB TOBEPXHOCTH OOPA3IOB HCCIIEAOBAIN Ha
CKaHUPYIOIIEM 3JICKTPOHHOM MUKpockorne JSM-
6490 npousBoacTa Gupmbl «JEOL Ltd.» (SImonus),
OCHAIIICHHOM JHEPTOJNCIIEPCHOHHBIM CIIEKTPOMET-
POM U BOJIHOBBIMH CIIeKTpoMeTpamu. [Ipu 3ToM u3-
MEpEeHHs OCYIIECTBILIINCH Ha KaXXIOM o0pasie B 6
CIIy4aiHBIX TOYKaX, MPUYEM 3 M3 HUX BHIOMPAIICH
Ha HE0OpaOOTaHHOM y4acTKE MOBEPXHOCTH, a 3 — Ha
ydactke, 00paboTaHHOM C(OKYCHPOBAaHHBIM Jia3ep-
HbIM u3inydeHueM. [lapamerpsl na3epHOro U3Iyde-
HUS OTPENEISIINCH C MOMOIIBI0 H3MEPHUTENIEH MOIII-
Hoctu UMO-2, a BpeMeHHBIC MapaMeTpbl UMITYJIb-
coB — ¢oromuonamu ®JI-7, BKIIOYEHHBIMH B (DOTO-
TUOTHOM PEKUME, CHTHAIBI KOTOPBIX PErHCTPHPO-
Banuch ocumuiorpapamu C1-74, C1-55, C1-122A
WM TIOCTYTIA Ha BXOJ aHAJIOTOBO-IIU(POBKIX Ipe-
obpazoBareeii.

Puc. 1. Cxema 06paboTku obpasna.

IpenBapuTeNbHBIE HCCIACIOBAHUS TEXHOJIOTHH
MPOBOJIUIIN C TOMOIIBIO BBIYUCIUTEIBHBIX JKCIIE-
pUMeHTOB. B kadecTBe MOeNU mpolecca HCoIb30-
BN MHOTOMEPHOE HEIMHEIHOe HEeCTaIllMOHApHOE
ypaBHEHHUE TEIUIONPOBOJHOCTH C HEJIMHEWHOU cxe-
Moii yuera ¢asoBeix mepexonoB (1)—(5), zamense-
MOE€ KOHEYHO-Pa3HOCTHBIM aHaJOrOM M peliacMoe
MeTOI0oM TiporoHkH [6]. Pesynerarer perienust (kap-
THHBI TEMITEPATyp, pa3Mepbl 30H IUIABJICHHUS, HCHa-
peHUsI B pa3Hble MOMEHTHI BPEMEHH, TEIUIOBBIC HC-
TOPHUH) JJIsI PAa3HBIX YCIOBHH 0OpPabOTKH, pasHbIX
00pabaTpIBaeMBIX MaTEpPHANIOB BHIBOJAWJIINCH Ha
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Quenr (% ¥,2,6T) = (1=R(T))W, (x,y,t)exp(-a(T)z), (5)

rae ¢(T), p(T), M(T) — 3aBUCHMOCTH TEIUIOEMKOCTH,
TUIOTHOCTH U TEIUIOMPOBOJIHOCTH 00pabaThiBAEMOro
marepuaia oT Temrnepatypsl T; Quear (X, Y, 2, 1, T) —
UCTOYHUK HArpesa; X, Y, Z, { — mpocTpaHCTBEHHBIC U
BpeMeHHbIe kKoopauHaThl: C,(T) — oObeMHas Teruio-
emkocth, CT) = ¢(T)p(T); 6-0 — pyukius dupaka;
Qf — ckpeitas Teriota (ha3oBOrO MNPEBpAIICHUS;
Tsart — HauanbHas TeMIiepatypa oOpadaThIBaeMON
neramn; HX, HY, HZ — rabaputer obpabarsiBaeMoii
neranu; R(T), a(T) — 3aBucuMoctd kKo3hPUIUeHTOB
OTpa)KEHHs U TIOTJIONICHUS JIA3EePHOTO U3ITyYSHHUS OT
TeMieparypsl 1.

ITpu omUCaHWM 3aBUCUMOCTH TUIOTHOCTH MOIII-
HOCTH C(OKYCHPOBAaHHOTO Ja3epHOTO H3ITyUCHHUS
Wp(X, Y, t) OT mpoCTpaHCTBEHHBIX KOOPAHHAT X, Y
WCTONIB30BAIM TEOPETHYECKOE paClpe/ieiecHHe HH-
TEHCHBHOCTH MOTOKa (Moma TEMqg), KoTOpSBIii omu-
ChIBAETCS KaK

WP(X’ y't):ip_gz)exp —2*((X_XC)2:(y_yc)2) , (6)

“lp e

rae P(t) — 3aBMCHMOCTE MOIIHOCTH H3IIyYEHHS OT
BpEMEHH; Ip — paguyc MsATHa (QOKYCHPOBKH Ha
ypOBHE €XP; Xc, Yo — TEKyIIHE KOOPIHUHATHI OCH
C(hOKYCHPOBAHHOTO JIA3EPHOTO JIy4a.

OKCIIEPUMEHTAIJIBHBIE PE3VJIbTATDI
N X OBCYXJEHUE

PaccMoTpuM Tporiece B3aMMOIEHCTBHSA CHOKY-
CHPOBAHHOTO JIa3¢PHOTO HW3IYYEHHUS C MOAYJIHUPO-
BaHHOW JOOPOTHOCTBIO C MCCJIEAyeMbIMH MaTepha-
gamu. IIpu 3TOM OTMETHM, YTO TIPH YBETHYCHHU
YaCTOTHl CIIEAOBAHMS HMITYJILCOB N, HECMOTPS Ha
YBEIUUEHHE CpEAHEH MOIMHOCTH u3NydeHus Pp,
OJTHOBPEMEHHO PaCTeT M JJIMTENBLHOCTh JIA3ePHBIX
UMIYJIBCOB Ty, YTO BEAET K CHUKCHUIO MX IUKOBOMN
momHoctH Py, (puc. 2).
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Puc. 2. 3aBHCUMOCTH SHEPTETHYCCKHUX MApaMETPOB JIa3epHOTO
W3JIyYCHHUS OT YacTOTHI MOAYJSAIHU: 1 — W3MepeHHas 3aBHCH-
MOCTh CPEIHEH MOIIHOCTH M3JIyYECHUS! OT YaCTOThI MOYJISIINH;
2 — u3MepeHHas 3aBUCHMOCTH JIJTUTEIILHOCTH UMITYJIbCa OT 4Ya-
CTOTHI MOAYJISILIMK; 3 — PacCYMTAHHAs MHKOBAsh MOILIHOCTb UM-
yJIbca.

HecomMHeHHO, TIpH  COXPaHEHHH OCTAIBHBIX
ycnoBuit obpabotku (VS, r,, StepOX) nannoe siBie-



HUE CKa3bIBAeTCS Ha pa3Mepax HCIAapeHHOTO CIOS,
J)KUJIKOM BaHHBI M Tp. B kayecTBe mpumepa pac-
CMOTPUM pE3yJbTaT BO3ACHCTBUS JIA3EPHOIO H3IIY-
yeHHsT Ha oOpabarbiBaeMblii Marepumai (puc. 3-5)
JUIsL CITy4daeB, KOTJa 4acTOTa MOAYJISLUN PaBHICTCS
3 u 50 kI'1. [Ipu 3TOM MOIIHOCTH OTAEIHHOTO HM-
MyJIbca JOCTHTaeT 2,45-104 u 1,17-103 Bt, a ero
mmreabHocth — 150 m 480 HC COOTBETCTBEHHO
(puc. 2). Tak, Ha puc. 3 IPUBEAEHBI PACCUNTAHHBIE
3aBUCUMOCTH IJIOTHOCTH MOIIHOCTH JIa3€pPHOTO M3-
ayuaenust Wp(t) u remnepatypsr T(z, t) ot Bpemenn t,
KOTOpbIC BO3HUKAIOT B 00pasiie U3 TBEPJOro CIjiaBa
BK8 npu 00paboTke chOKYyCHPOBaHHBIM JIa3€PHBIM
U3IY4YeHHEM C MOJAYJIUPOBAHHOW JOOPOTHOCTBIO,
coxycupoBaHHEIM B TSITHO ¢ Ip = 0,025 MM u me-
peMeniaronmmMes co ckopocteio VS = 50 mm/c ¢ pas-
JMYHOM YacTOTOW MOJIYJALUH, a Ha puc. 4 — pac-
HpeleNieHUs] Temrepatyp B oOpasiue (i JaHHBIX
yCIIOBHI 00pabOTKM) B MOMEHT JEHCTBHS JIa3€PHOTO
UMITYJIbCA.

Kak u oxwuganocs, cHmwkenue P, Beger x
YMEHBIICHHIO pPa3MepoB 30HBI HcnapeHus. Kpowme
TOTO, JUIsl 000MX CiTy4aeB 00pa0OTKHU MPOIECC UCTa-
PEHHUS TIOBEPXHOCTH MPOUCXOJUT M MOCHE 3aBepliie-
HUS JICWCTBHUSI OTJCIBHOTO HMMIyJbca. Tarke MpH
00paboTKe C BHICOKOW YacTOTOW CIIECAOBAHHS UM-
mysbcoB (N = 50 k['1r), HECMOTPsT HA BBICOKYIO TeIl-
JIOTIPOBOAHOCTH 00pabaThIBAEMOT0 MaTepraia, TeM-
nepatypa o0pabaTbiBaeMOro y4acTKa MOBEPXHOCTH
MOCTOSIHHO YBEJIMYMBACTCS, YTO CBA3AHO C MajbIM
BpeMeHeM Mexay ummyibcamu (2:107° ¢). Ecre-
CTBEHHO, MMIyJbChl ¢ Gombiueit Pp (mpu Huskoit
YaCcTOTE CJICJOBAHUS) HCHAPSIOT OONbIIHi 00beM
obpabatbeiBaemoro matepuana (puc. 4a), obecrnedu-
Basi OOJBIIYIO MPOU3BOTUTEIBHOCTh BBIMOIHIEMOI
oreparuu. HecMOTpsi Ha Manyro JUIMTETHHOCTh UM-
MyJbca U BBICOKYIO IUIOTHOCTh MOITHOCTH C(HOKYCH-
POBaHHOTO JIA3EPHOrO M3Iy4YeHHUs B MATHE (POKycCH-
poBaHUS, B mpoIecce 00paboTKu oOpa3yeTcs 3HAUN-
TEJIbHOE KOJUYECTBO JXKUAKON ¢assl (puc. 4, 5), ko-
TOpasi BBITECHSETCS M3 OJWHOYHOW JIyHKU MapaMu
3pO3MOHHON Mnasmbl. B mocnenyromieM, ocaxaasch
Ha o00pabaTphiBaeMON TIOBEPXHOCTH, 3aCTHIBIITHI
pacmiaB OyneT WCKaxaThb NTPOQWIb TPYIIIOBOTO
CKpaiiba, 4To BeAeT K YXYUICHHUIO KadecTBa oOpa-
6otkH (puc. 5).

OTMeTHM, 4YTO B TPOIIECCE JIa3€PHOTO Harpena
crmaBa BK8 mpoucxonut psa mpespamenuid. Taxk,
npu temmeparype 1494°C mmeer Mecto IiaBicHue
ces3kn (CO), B mambmeiimenm (mpu 2720°C) mpouc-
xozat miapnenue u auccounanus WC. 3atem, ¢ po-
CTOM KOJIMYECTBA MOCTYMAIONICH SHEPIUU U COOT-
BETCTBEHHO TEMIIepaTyphl, HAOIIOMAIOTCS ILUIaBIIC-
nue W u ucnapenrie CO U HakoHel — WCIapeHUe
camoro Bosb(dpama. C y4eTOM BBICOKHX TeMIepaTyp
(ha30BBIX TIpEeBpAIICHUH W BBHICOKMX YHTAIBIHAN (a-
30BBIX TIepexoqoB [7, 8] mporiecc iasepHoit oOpa-

OOTKHM JTaHHOTO MarepHaiia TpeOyeT 3HAYUTEIBHBIX
3aTpaT dHEPTHH.

Kak ormeuanoch BblllIe, XaOTHYHO 3aCTHIBIIAS
xuakas ¢asa Ha oOpaboraHHOM yuacTtke (0o6paso-
BaBIIasicsi MpU 0OpabOTKE TYrOIUIaBKUX Marepua-
JIOB, METAJJIOB) UCKaxkaeT ee nmpoduis (puc. 5). [lpu
3TOM BEIMYMHA MHUKPOHEPOBHOCTEH, 00pa30BaHHBIX
3aCTBHIBIIMM PAacCIIaBOM, MOXKET OBITH COM3MEpUMa C
pasMmepamu ucmapenHoro cios (puc. 5a). B ciyudae,
KOT/Ia yBEIMYHMBACTCS N, TO ecTh CHWXaeTcs Pp, u
COOTBETCTBEHHO YMEHBIIAIOTCS 00BEM HCITApPEHHOTO
CJIOSl M KOJTMYECTBO *kuaKoi (assr (puc. 30, 40), ka-
4eCTBO 00pabOTKH yBemMuYMBaeTCs (CHUKAETCs Ie-
poxoBarocTh mHoBepxHOcTH). OfHAKO BEIMYMHA
CHMMaeMoro rmnpumycka (riayOuHa HCIapeHHOTO
CIIOSI) 3HAUYUTENHFHO MEHBIIE, YeM B ciydae oOpa-
OOTKH C MEHBIIIEH YacTOTO.

B otnuume ot TBepmoro cruiaa BK8, npereprie-
BAaIOIIECTO TNpH Ja3epHOd 00paboTke HaHOCEKYH.-
HBIMH MMITYJICaMH (ha30BbIC EPEXObI TUIaBICHUE-
UCTIApeHNE, HarpeB CBEPXTBEPAOTO0 WHCTPYMEH-
TaJILHOT'O MaTepualia Ha OCHOBE KyOWYecKOro HHT-
puna 6opa (6opazona) mpu atMoc(hepHOM ABICHUM
1 OKpy’Kafomie atrmochepe mMeer psm ocoOCHHO-
creit. Tak, cormacuo [8, 9], MemyieHHOE OKHCIIEHHE
Oopa3oHa HayMHAeTCs NpPU TeMIepaType CBBILIE
ZOOOOC, a ero mepexoj B TreKcaroHANBHBIN HUTPUL
6opa mponcxomut mpu 2500°C u BO3MOXKEH mpH
nasnennu cBeinie 4053 MIla. B 0ObIYHBIX yCITIOBHAX
npu Harpese (temmeparypa 2700-3000°C) Gopason
pasiaraercsi B T€KCaroHaJIbHbIA HUTpuA Oopa (mmo-
POIIIOK), KOTOPBI, B CBOKO OYepelb, MPU HabHEH-
IIeM HarpeBe pasiaraercs Ha OOp W a3oT, YTO 3Ha-
YUTENIBHO 00JIerJaeT ero jga3zepHyr oopadboTky. Taxk,
Ha puc. 6—7 MpUBEAEHBI PE3YNbTAThl BHIYACIUTEINb-
HBIX OKCIIEPHUMEHTOB, ITOCBALICHHBIE HCCIIEI0BAHHIO
mporecca HarpeBa Oopa3oHa C(OKYCHPOBaHHBIM
Ja3epHBIM H3JIyYCHHEM C PAa3IMYHBIMHU TapaMeTpa-
MH.

Kak u B mpenpinymem ciyyae (puc. 3, 4), mpo-
mecc paspymieHus o0padaTpiBaeMOro MaTepuaia
MPOJIOIDKACTCST U TIOCNIE 3aBEepIICHUS JEHCTBUS Jia-
3epHOro m3iydeHus (puc. 5, 6). [Ipuyem Onaronmaps
Oomee HM3KOH, yeMm y BK8, mmoTHOCTH M Temioem-
koctH (Mpu MpUOTH3UTEFHO PABHOM TEIIONPOBO/I-
HOCTH) U HECMOTpsi Ha 0oJiee BBICOKYIO Y/CIBHYIO
TEIUIOTY AMCCOIMALINH, TIpoliecc 00paboTku 3ddex-
THBHEE.

OtcyTtcTBHe KUIKOH (asbl, KoTopas oOpazyercs
B IIpOLIECCE Pa3pyIICHNs] HHCTPYMEHTAIBHOTO MaTe-
puanza Ha OCHOBE KyOMYeCKOro HHTpHAa Oopa, cKa-
3pIBaeTCS Ha mpoduiie 00pabOTaHHON MOBEPXHOCTH
(puc. 8). Tak, npu OITMHAKOBBIX peKMMax 00paboT-
Ki oOpa3oBaHHas B mpouecce (pe3epoBaHHs I10-
BEPXHOCTh 3arOTOBKU M3 KyOMUYecKOro HUTpuaa 6o-
pa, B omTiMuHe OT OOpabOoTaHHOH MOBEPXHOCTH
crwiaBa BK8 (puc. 5), uMeer «peryssipHbIii» BHI U
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Puc. 3. 3aBUCHMOCTH IUIOTHOCTH MOIIHOCTH JIa3€PHOIO M3JIyYeHHUsI U TeMIieparypbl obpasia u3 BK8 or Bpemenu Iyist pasmuyHbIx
ycnosuii obpaborku (rp = 0,025 mm, Vs = 50 mm/c): (a) — Pp = 2,45.10° Br, tp = 150 Hc; ©6) - Pp = 1,17-10* Br, tp = 480 uc;
1 — saBucumocts Wp(t); 2 — T(z, t), xorma z = 0 mm; 3 — T(z, t), korma z = 4 mxm, 8 Mxm; 4 — T(z, t), korma z = 16 mxm; 5 — T(z, 1),
xorna z = 24 mxMm; 6 — T(z, t), korma z = 36 MxMm; 7 — T(z, t), korna z = 44 Mxm.

0 0 . . . - N L .
AL -1
""""" 2
1E-005 1E-00590 = 3
— 4
m—— 5

Z,M v v - v v . v v v v Z,M r r T . T . T T ™ r
-5E-005 -3E-005 -1E-005 0 1E-005 3E-005 XM -5E-005 3E-005 -1E-005 0 1E-005 3E-005 X, M
(a) (6)

Puc. 4. Pacnipenenenue temneparyp B obpasue u3 BK8 npu o6paborke nazepusivu ummyiscamu (rp = 0,025 mm, Vs = 50 mm/c):
(a) — Pp = 2,45:10* Br, tp = 150 Hc, yacrora ciexosanus N = 3 kI'n; (6) — Pp = 1,17-10% Br, tp = 480 nc, n = 50 kI'w; 1 — u3orepma
mwrasieHus Co; 2 — m3otepma nucconnannu WC; 3 — m3otepma miasnenus W; 4 — nzorepma uctnapenust Co; 5 — nzorepma ncmape-
Hust W.

(a) (©)
Puc. 5. Tlpoduns o6paboranHo#t noBepxHocTH cruiaBa BK8 st pasmuunbix pexumoB obpabotku (rp = 0,025 mm, Vs = 50 mm/c,
StepOX = 0,02 mm): (a) — Pp = 2,45.10* Br, tp = 150 Hc, yacrora cinemoBanus N = 3 kl'w; (6) — Pp = 1,17-10* Br, tp = 480 nuc,
n =50 kI'u; 1 — HeoOpaboTaHHbIH yyacToK; 2 — 00paboTaHHbIH y4acToK; 3 — IIKasa.
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Puc. 6. 3aBUCUMOCTH TIOTHOCTH MOLIHOCTH JIA3€PHOTO U3ydeHUs. ¥ TEMIIEPATYPbI 06pa3iia u3 da600pa OT BPEMEHHU ISl PasIMIHbIX
yenosuii 06paGorku (rp = 0,025 M, Vs = 50 mm/c): (a) — Pp = 2,45-10° Br, tp = 150 mc; (6) — Pp = 1,17-10% Br, tp = 480 nc; 1 — 3aBu-
cumoctb Wp(t); 2 — T(z, t), xorma z = 0 mm; 3 — T(z, t), xorma z = 4 mxm, 8 Mxm; 4 — T(z, t), korna z = 16 mxm; 5 — T(z, t), korma
z =24 MxM; 6 — T(z, t), xorma z = 36 MxM; 7 — T(z, t), korna Z = 44 MkM.
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(a) (6)

Puc. 7. Pacnpenenenue temmeparyp B odpasie u3 31ap00pa npu 00paboTke tazepHpiMu umiyiscamu (fp = 0,025 mm, Vs = 50 mm/c):
(a) — Pp = 2,45:10* Br, tp = 150 Hc, yacrora cienosanus N = 3 kI'n; (6) — Pp = 1,17-10% Br, tp = 480 nc, n = 50 kI'w; 1 — u3orepma
muccounanuu NB; 2 — nuzorepma mnaBnenus B.



10 MKM

Puc. 8. IIpoduns 06paboTaHHO#M MOBEPXHOCTH KyOHYECKOTO HUTPHAA OOpa Ul pas3iudHbIX pexuMoB obpabotku (rp = 0,025 mm,
V = 50 mwm/c, StepOX = 0,02 mm): (a) — Pp = 2,45.10% Br, tp = 150 Hc, wactora cnemoBanus N = 3 KI'i; ©6)-Pp = 1,17-10* Br,

tp =480 ue, N =50 x['m; 1 — HEoOpaboTaHHBIH yUacToK; 2 — 00pabOTaHHBIA y4acTOK; 3 — MIKaja.

StepOX k
10 Mxm
(6)

10 mMxm
Puc. 9. TIpodunu o6pabOTaHHOH MOBEPXHOCTH KOHCTPYKLMOHHOH Kepamuku (a) u cramu 650 (6) B ciywae rp = 0,025 mwm,
Vs = 50 mm/c, StepOX = 0,02 mm; Pp = 2,45-104 Br, tp = 150 Hc, yacrora cnenoBanus N = 3 k['1; 1 — HeoOpaOOTaHHEIH Yy4acTOK;

2 — 00paboTaHHBIN y4aCTOK; 3 — IIKaNA; 4 — KITHO» TOPOXKKH; 5 — BEpIIUHA» MEXKY JTOPOKKAMH.

B

Crextp |

(a)

0 2 4
Tlomnas mkana 3211 umn. Kypeop: 0,000

(©)

2 4 6
Moanas wkana 2604 wyn. Kypcop: 0,000

DnexTpolimoe Hinhpamernue |
(8)

' 60 M
Puc. 10. Yuactku noBepxHocta o6pasia w3 BK8 u crexrporpammbl ee XUMHYECKOTO coctaBa: (a) — HeoOpaOOTaHHBIN YYaCTOK;
(6), (B) — obpaboTanusie yuactku Ha Ip = 0,025 mm, Vs = 50 mm/c, StepOX = 0,02 mm ((6) — Pp = 2,45.10*Br, tp = 150 uc, n = 3 k1

(8) = Pp =1,17-10*Br, tp = 480 uc, n = 50 xI'm).



Tabaunua 1. Pe3ynbrartel MUKpOaHaIM3a OBEPXHOCTH 00pa3ia TBepaoro criiaBa BK8

No TToBepXHOCTH 10 0BpaBoTKH [ToBepxHOCTH MTOCIIE 00PabOTKH C [ToBepxHOCTH MTOCIIE 00PabOTKH C
/it n=3xkln n =50 k'
DsemMeHT Becosoii % DsemMeHT Becosoii % OnemeHT Becosoii %
1 C 10,265 C 16,47 C 7,59
2 0 3,288333 (0] 3,236 O 0,328889
3 Al 0,123333 Al
4 Fe 0,158333
5 Ca 0,39
6 Co 0,805 Co 6,358 Co 6,986667
7 W 90,92 w 64,044 w 101,0789
105,56 90,498 115,9844
Tabuuna 2. Pe3ypTaTsl MUKpOAHATH3a MOBEPXHOCTH 00pa3iia KOHCTPYKIIMOHHOW Kepamuku Ha SiC
Ne IToBepxHOCTH 10 00PabOTKH [ToBepxHOCTH OCIIE 00PAOOTKH IToBepxHOCTH TIOCIIE 00PAOOTKH
n/m (mo3urms 1, puc. 3) («BmaiHa») («BepimHa»)
OnemeHT Becosoii % DsemMeHT Becosoii % DjemMeHT Becosoii %
1 Fe 0,11 Fe 0,054333 Fe 0,01
2 Si 75,395 Si 74,97 Si 21,64
3 C 53,445 C 39,94 C 52,04
4 ) 3,19 0 491 ) 2,99
5 Ca 0,38 Ca 0,166667 Ca 0,02
132,52 120,041 76,7

[IOBTOPSICT TPAEKTOPUIO ABMXEHUS CHOKYCHPOBaH-
HOro JsasepHoro myuka (puc. 8). Ilpuuem mpu
YMEHBIIIEHHH Iara Mexay aopoxkamu StepOX (B
omimnure ot cruraBa BK8) BemnunHa MUKpOHEPOBHO-
crell ymeHblnaeTca. CpaBHHBasi pe3yJIbTaThl pacye-
ToB (puc. 3, 4, 6, 7) U UX IKCIIEPUMEHTAIBHYIO MPO-
Bepky (puc. 5, 8), oTMeTHM, YTO TPOU3BOAMUTEIH-
HOCTb JID CUHTETHUYECKHX CBEPXTBEPIBIX MaTepua-
JIOB Ha OCHOBE KyOHW4eckoro HuTpuua oopa B 3 pasa
MPEBBIIAECT TPOU3BOAUTENBHOCTD JID TyromiaBkux
CBEPXTBEPIBIX MAaTEepHaJOB Ha OCHOBE KapoOuaa
BoJIb(hpama.

VYkazaHHble pa3nuyus B NMpoduiie U BEUYHHE
MHUKPOHEPOBHOCTEH 00pabOoTaHHOH IMOBEPXHOCTH
COXPAaHSIOTCA W TpU 00paboTKe APYyTUX Marepua-
JIOB, MMCIOUIMX PAa3JIMYHBIC MCXaHU3MBI pa3pyuic-
Hus. Tak, HanmpuUMep, PeryJsIPHBIA XapaKTep MHUKPO-
HEpPOBHOCTEH Ha 00pabOTaHHOW TOBEPXHOCTH, KO-
TOpBIE TIOBTOPSIOT TPAEKTOPHUIO JBIDKEHHS C(HOKY-
CHpPOBAaHHOTO JIA3epHOTO HM3Iy4YeHHUs, HaOIromaeTcs
mpu o6paboTKe MaTepHajoB, pa3pylLIeHHEe KOTOPBIX
MIPOUCXOAUT Oe3 00pa3oBaHMs JKUIKOW (Da3sl WK
Korjga €€ KOJIM4eCTBO MUHHUMAJIBHO (CCTCCTBCHHLIC u
CHHTETHYEeCKHe anMmasbl [2, 5], KOHCTpyKIMOHHas
KepaMHKa Ha OCHOBe KapOuna kpemuus (puc. 9a)). A
nmpu  00paboOTKe METAIOB, KOHCTPYKIIMOHHBIX
(puc. 90), HMHCTPYMEHTAJBHBIX ¥ HEPIKABCIOLIUX
CTallell, MpeTepreBaroInX IPU JIa3epHOM HarpeBe
OOBIYHBIN TepMHUYECKHH HUKI (HarpeB — IIIaBie-
HUE — UCMapeHUe — OCAXKICHUE IMapoB — OXJaxIe-
HHE), KaK U Npu 00paboTKe TYrolulaBKUX Marepua-
JIOB, TaKkKe HAOIIOJaeTCs HEKOHTPOJIHpyemas IIe-
POXOBATOCTh MOBEPXHOCTH, BEITMYMHA KOTOPOH MO-

KET MpPEeBbIIaTh [IyOWHY CHATHA MpPHUIIycKa OT-
JIETbHON JTOPOKKOM.

OtmetrnM, yto nipu JI® crmaBa BK8, kpome 3a-
BUCHMOCTH I'TyOMHBI CHATHUS IPUILYCKA U BEIUIUHBI
MHUKPOHEPOBHOCTEH OT PEKUMOB  00pabOTKH,
HaOMroaeTcss M3MEHEHHE XHMUYECKOrO0 COCTaBa
0o0paboTaHHOW TMOBepXHOCTH. Tak, eciu a0 oOpa-
0oTku mnactuHa u3 BK8 comepxut Ha moBepxHOCTH
oxomno 10% C, 0,8% Co u 91% W, (puc. 10a), To
npu 00paboTKe Ha paccMaTPUBAEMBIX PEKUMAax XH-
MHUYECKHH  COCTaB  IIOBEPXHOCTH  H3MEHSETCS
(tabn. 1). Tak, npu 00pabOTKe Ha HU3KOW YACTOTE
CIIeIOBaHMs UMITYyJIbCOB (Korja oOpasyercsi 00Jb-
I0e KOJIUYECTBO XUIKOM (assl (puc. 3a, 4a)) obpa-
0oTaHHasi TIOBEPXHOCTh COICPKUT OOJbIIEe KOJH-
gyectBo C. [loBeimenune conepxkanust C cBumeTenb-
CTBYET O BO3MOXXHOM YBEJIMUYCHHU KOJIMYECTBA Kap-
OMI0B, KOTOPBIE 00Pa3yIOTCsS MPH B3aUMOACHCTBUHI
pacmaBa ¢ armocdepoit, a yBennuenue Co (B 06oux
Clly4asix), T0-BUJAUMOMY, CBS3aHO C €r0 OCAKICHH-
eM Ha 00pabOTaHHBIA yUaCTOK OXJIAXKICHHBIX MapOB
MeTaa.

[Tpu aHanmm3e XUMHUYECKOTO cocTaBa 0OpaboTaH-
HOH HOBEPXHOCTH KyOW4ecKoro HuUTpuzaa Oopa us-
MEHEHHMI B CpaBHEHHM C 0a30BOW OOHApYKEHO HE
OBLIO.

Uro kacaeTcs KOHCTPYKLUMOHHOM KEpaMHKH Ha
OCHOBE KapOwmma KpeMHHs, TO BO BCEX CIydasx 00-
Hapy’KeHa pa3HHIa B MPOICHTHOM COJCpKaHUH
3IIEMEHTOB Ha «JHe» (puc. 9a) U «BepIIMHaX» 00pa-
30BaBIIMXCS B TIpomecce OOpabOTKH JOPOIKEK
(Tabum. 2).

Crenyer OTMETUTb, YTO IIPU U3MEPEHUU KOHILICH-
Tpauuil XMMHYECKUX 3JEMEHTOB METOIOM pPEHTIe-




HOBCKOTO MHKpPOaHAJIM3a CyMMa KOHIIEHTpanui ot-
auyaercss ot 100%. DTo cBsi3aHO C TEM, YTO IIO-
BEPXHOCTb MCCIIEAYEMBIX 00pasioB (10 u mocie ja-
3epHOI 00pabOTKH) HE MOIUPOBATAch, Kak 3TO Tpe-
OyeTcs pu MPOBEICHUN MUKpPOAHAIN3A.

[osinenne Ca B o0paboTaHHOM 00pasiie ckopee
BCETO CBSI3aHO C TeM, uTo pacnpeneneHue Ca mo mo-
BEPXHOCTH KaK HMCXOJHOTO, TaK U 00paboTaHHOTO
obpasila HepaBHOMEpPHOE, a O00JIaCTH W3MEPCHHUS
KOHIICHTpAIMH s WCXOJHOTO U 00pabOTaHHOTO
00pasIoB pasHEIE.

BbIBO/IbI

Takum 00pa3om, aHaIH3UPYS PE3yTbTATHl UCCIIe-
JIOBaHUH, OTMETUM, UTO!

® TPOM3BOAMTENBHOCTh TIPOIECCA JIa3ePHOTO
(dbpesepoBanus choOKyCHpPOBAaHHBIM JIA3EPHBIM H3ITY-
YEeHHWEM C MOAYJUPOBAHHOW AOOPOTHOCTBIO CHHTE-
TUYECKHX CBEPXTBEPJABIX MaTepHalloOB Ha OCHOBE
KyOHYeCKOro HuTpuaa Oopa B 3 pasza IpPEBHIIIAET
NPOHM3BOJMUTENEHOCTE  O0pPa0OTKH  TYTOIUIABKUX
CBEPXTBEPIBIX MaTepHajoB Ha OCHOBE KapOupaa
BoJIb(hpama. DTO CBA3AHO HE TOJBKO C PasHHIEH HX
Terno(u3nIeckux CBOMCTB, HO, MPEKAE BCETO, U C
pasHHLel B MEXaHM3Max UX pa3pylleHHS,

e Hauxyllee KayecTBO 00paboTaHHON TOBEpX-
HOCTH HaOmiofaeTcs mpu 00pabOTKe TYTrOIUIABKUX
MaTepraioB, KOTOpPHIE MPETEpPIIeBAIOT B MpoIiecce
Ja3epHOro HarpeBa (ha3oBbIC MeEpPEXONbI TBEPAOE
TENO—KUAKOCTH—Tap C MOCIEAYIOIUM OCaKACHUEM
(HEKOHTPOJIMPYEMBIM) MPOAYKTOB pPa3pyIICHHUS Ha
00pabOTaHHBIN YJ4aCTOK TIOBEPXHOCTH;

e MUHMMU3ALUS IIIUTEIFHOCTH UMITYJIbCa C O
HOBPEMEHHBIM YBEJIIMYEHUEM €r0 MOIIHOCTH BEJET K
YBEJIMYCHHIO TITyOWHBI 00pa0OTKH, YTO ISl UCTIONb-
3yemoro obopynosanus (mazepoB Ha AU ¢ moxy-
JUPOBAHHOW  JOOPOTHOCTBIO)  BO3MOXHO  IPH
YMEHBIICHNH YacTOTHI CIIeJOBAaHHS UMITYJIbCOB. Mc-
MOJIb30BaHUE JTAHHOTO SIBJICHUS TPHU JIazepHOM (hpe-
3epOBAHNAN TYTOIUIABKUX MAaTEPHAaJIOB ITO3BOJIAT IIO-
BBICUTH NMPOU3BOIUTEIHHOCTD MPOIIecca, OJJHAKO JIJIsI
COXpaHEHHUs] BBICOKOTO KauecTBa LIEPOXOBATOCTH
00paboTaHHO# CHOKYCHPOBAHHEIM JIa3€PHBIM H3ITY-
YeHHEM TOBEPXHOCTH HEOOXOAMMO MPOBECTH J0-
MOJIHUTENILHBIE HMCCIICAOBAaHHS TEXHOJOTMH UX 00-
paboTKy.
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Summary

Technological process of laser milling using
Q-switched mode is investigated. The results of laser in-
fluence (surface roughness, its chemical composition and
thickness of the removed layer) are demonstrated to sig-
nificantly depend on the processing regimes as well as on
thermal and physical properties of the work piece. The
quality of laser milling also depends on the amount of the
liquid phase that occurs at laser heating and on the me-
chanisms of the material removal.

Keywords: laser technology, laser dimensional pro-
cessing, laser milling, intractable materials.



Kommiiekcoo0Opa3oBanue kak ¢pakrop ¢popMupoBaHus
coctaBa Co-W mokpbITHIl, 3JIEKTPOOCANKICHHBIX
U3 [JIIOKOHATHOI'0 YJIEKTPOJINTA

A. !. Mlyasman®, C. C. Benercknii®, C. I1. FOmenko™®, A. U. I[l/ncycapa’6

“Ipuonecmposcruii 2ocynusepcumem um. T.I. [lleguenxo,
yi. 25 Oxkmsabps, 128, e. Tupacnonw
*Unemumym npuxnaonoii pusuxu AH MondossL,
yn. Akademueil, 5, . Kuwunee, MD-2028, Pecnybnuxa Mondosa, e-mail: dikusar@phys.asm.md

bnarogaps renb-xpoMarorpaduueckoMy pasieneHHI0 ITIOKOHATHOTO 3JIEKTPONIUTA, NPUMEHSIEMOro
JUIsl TIOJTydeHusl HaHokpuctamndeckux CO-W nokpbiTuii, GOTOKOIOPUMETPUYECKOMY OINPEEICHUI0
COCTaBa INPOJYKTOB AEJICHHUS M OIPEACICHHIO 3JIEKTPOXUMHYECKOH aKTUBHOCTH KOMILJIEKCOB B WH-
tepBasie pH ot 4,0 1o 8,0 mokaszano, uro o6pazosanre Co-W nokphITHii onpe/iesieHHOro cocrtasa 00y-
CJIOBJICHO BOCCTAHOBJIEHHEM CMEIIAaHHOT'O IeTEPOMETaJUIMUECKOro KOoOalIbT-BOJIb(paMCcoepKallero
KOMIIJIEKCa C COJIep’KaHneM B HeM BoJib(paMa u koOanpTa B cooTHomeHnH 1:1, a Takske KoOaIbTOBBIX
KOMIIIIEKCOB B pacTBope. Ha coctaB 00pa3yromuxcs HOKPHITHI BIMSET COOTHOLIEHHE CKOPOCTeit Boc-
CTaHOBJICHUSI ATUX KOMIUIEKCOB M PEaKLK BOCCTAHOBIICHUS BOJIOPOJIA, 3aBUCILIMX OT pH anekrpoiu-
Ta U THAPOANHAMHYECKHX yCIOBHI.

Kniouegvie cnosa: Hanokpucmaniuueckue NOKPbIMUL, 2emepoMemanriuieckue KOMNIEKCbl, 2eilb-
xpomamoepaguueckoe pazdenenue, Co-W, asnekmporumuueckue nokpvimus, UHOYYUPOBAHHOE CO-

ocaicoenue, YUKIUYeckas 60abmamMnepomempust.
YK 541.138.2+620.3

UccnenoBanne u pa3paboTKa METOIOB TONy4e-
HHUS ¥ YIpaBJICHHS CBOMCTBAMHU (MEXaHHYCCKUMH,
MarHUTHBIMH, KaTaJIUTHYECKUMH M JAp.) SJIEKTPO-
OCa)XKJICHHBIX CIUTABOB HA OCHOBE METAJUIOB I'PYIIIIBI
XKeJie3a C TYTOIUNIaBKUMH METaljlaMu, U B YaCTHOCTH
Co-W cnnaBoB, SIBISFOTCS OJJHOH M3 TIPHOPUTETHBIX
3a71a4 COBPEMEHHOT'O 3JIEKTPOXHMHUYECKOTO MaTepH-
anoseaenus [1, 2]. DTo 06ycIoBIEHO KaK MPHKIA-
HBIMHU 3aJa4amMu (Hampumep, pa3pabOTKON METOI0B
MOJYyYEeHUS] U3HOCOCTOMKHUX U KOPPO3UOHHOCTOMKUX
IIOKPBITUH, SIBISIIOLIUXCS AJIbTEPHATUBONH XPOMUPO-
BaHMIO [2-5]), Tak M YKCTO HAYYHBIMH, MMOCKOJBKY
ANIEKTPOOCAKACHHE TAKMX CIUIABOB OTHOCHTCS K Ka-
Teropud «anomanbHoro» [1]. TlpuumHa sxe «aHo-
MaJIBHOCTH» B CBOIO OYepelb 3aKII0YaeTcsi B TOM,
9TO COCTAaB TAKUX MOKPHITUI (a clemoBaTeNbHO, U
CBOWCTBA) HENb3s MPEACKa3aTh UCXOMAS U3 DICKTPO-
XUMHYECKUX XapaKTEPHCTHK MPOIECCOB BOCCTAHOB-
JICHUs OTHENbHBIX KOMIOHEeHTOB. K Kkareropuu
«aHOMAJBHBIX» MPOLECCOB HJIEKTPOOCAXKICHUS OT-
HOCUTCS T.H. HMHIYLUPOBAHHOE COOCAXIEHHE
[2, 6, 7], B yacTHOCTH, TpOILECC MOTYYCHHS DIICK-
TPOJIMTHYECKUX TTOKPBITHIA METAIIOB TPYIIIBI JKele-
3a C TYrOIUIaBKMMH MeTaulaMu (BOJb(ppaMoMm, Mo-
aubneHoM, penuem). [Ipu 3TOM, Hampumep, BOJIb-
(bpam Hemb3s AMEKTPOOCAAUTH U3 BOJAHOTO PacTBOPA,
OJJTHAaKO BBEICHHE B D3JIEKTPOJHUT COCIUHEHHH Me-
TAJUIOB TPYIIBI Kelle3a MPUBOAUT K BO3MOXKHOCTH
HOJTy4YCeHUS CIUIABOB, COEPIKaIIUX Boib(ppam [1-6].

OueBHIHO, YTO YNpaBJIEHHE COCTABOM M CTPYK-
TypoH, a TakKe CBONHCTBAMHM TAKUX IIOKPBITUI

JOJDKHO ONPEAETSThCS MEXaHU3MOM  3JIEKTpOooca-
xaeHus. OfHAKO, IO HACTOSIIETO BPEMEHU OTCYT-
CTBYET OOLICNPU3HAHHBIA MEXaHU3M WHIYLHPOBAH-
HOT'O COOCaXKJICHHsI METaJJIOB TPYIIBI JKejle3a ¢ Ty-
TOIUIaBKMMH METaJlJIaMHU.

Psix aBTOpOB, HaumHas ¢ [6], cunTaet, 4ToO moiy-
YeHHe CIIaBa IMPOMCXOAUT BCIIEACTBHE KOMILIEKCO-
0o0pa3oBaHHs B PaCTBOPE U COOTBETCTBYIOMINN KOM-
TUIEKC, HAIpUMep KoOalbT-BOIL(PAMOBEIA, 00pa3y-
eTcsl B DJIEKTPOJIMTE, IMOCIEAHUN SBIACTCS, 1O Cy-
HIECTBY, IPEKypPCOPOM TMPH DJIEKTPOXHUMUYECKOM
cuHTe3e ciuaea [1, 6, 8]. OOpazoBaHKe KOMIUIEKCA B
ANEKTPONIUTE OOYCIIOBJICHO TAaKKe TEM, 4YTO, Kak
MPaBUIIO, B YCIOBUSX HHIYIHPOBAHHOTO AJIEKTPO-
OCaXICHHS B PAaCTBOP BBOISTCS HOHBI JIMTaHJIOB
(umTpar, rIIKOHAT, TAPTPAT, COJIb SHTAPHOI KUCIIO-
TBl U Jp.). [l0 MHEHHIO JPYrUX aBTOPOB, COCTaB
HaXOJISIIErocsl B AJICKTPOIUTE KOMILIEKCAa HE SIBIIS-
eTCsl MPUHIMIHAIBHO BaKHBIM, ITOCKOJIBKY DJICK-
TPOOCAXICHUE MPOUCXOIUT U3 MHTEpMEIHaTa, 00-
pasyromerocss Ha DIEKTPOTHOW MOBEPXHOCTH, TO
ecTb Onaronmapsi COOCTBEHHO JIIEKTPOXUMHUYECKOMY
nporeccy [7, 9, 10] (cm. Takke 0630p [2]).

HecMmoTps Ha 3HaYUTENBFHOE KOJMYECTBO HCCIIE-
JIOBaHU, TOCBSILEHHBIX KOMIUIEKCOOOPa30BaHUIO B
pacTBOpax AIIEKTPOIUTOB, U WHIYLIHPOBAHHOTO
COOC@KAEHHS METAJUIOB TPYMIIBI XKele3a C TYro-
IUTaBKUMHU MeTautaMu (cM., Hampumep, [2]) mpume-
HHUTEIIBHO K TJIFOKOHATHBIM pAacTBOPaM TaKUE JaH-
HbIE PAKTHYECKH OTCYTCTBYIOT [2]. UTo ke KacaeT-
csl BO3MOXHOCTU DJIEKTPOOCAKICHHUST H3 COOTBET-
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CTBYIOIIMX CMEIIAHHBIX KOMIUIEKCOB, TO 00 3TOM,
KakKk I1paBujio, CyIadAT 110 KOCBCHHBIM JaHHBIM,
HarpuMep 10 BIMSHUIO COCTaBa PacTBOpa Ha COCTAB
MOJyYaeMBIX TIOKPHITHI [1] (IpHMEHHUTENBHO K TI0-
ayueruto Ni-W HOKpPBITHIT) WIM W3MEHEHHIO CIIEK-
TPOB MOTJIOIICHHUS TIPH H3MEHEHUH COCTaBa PacTBO-
pa MPUMEHHUTENBHO K 3yekTpoocaxkaeHuo Co-W
MTOKPBITHH U3 TIIFOKOHATHBIX pacTBOPOB [8].

B [11] mpu WCHONB30BaHUM —TEIb-XPOMATO-
rpaduUecKoro pasjeneHus MUTPATHOTO SJIEKTPOJIH-
Ta i moydeHus: Co-W TokphITHI Ha COCTaBJISAIO-
mure C pa3IMYHbBIMU MOJICKYJIAPHBIMU MacCaMHU I10-
Ka3aHo, YTO JJIEKTPOOCAKICHUE TAKMX MOKPBITHH B
[UTPATHOM PAcTBOPE SIBJISIETCS CIIEACTBHEM 00pa3o-
BaHWA B NOCJICAHEM MHOTOAACPHBIX I'€TCPOMETAI-
JIMYECKUX KOMIUIEKCOB, COCTaB KOTOPBIX OIMpPEIessi-
ercst pH pacTBopa U MPHUAIIEKTPOIHOTO CIIOS.

B Hacrosme#dt paboTe MeTOn TeNb-XpOoMaro-
rpadMUuecKoro pasjielicHUsl TPUMEHEH ISl TIFOKO-
HATHOTO 9JIEKTPOJIMTA, HCIIOIB3YEMOTO paHee Ui
nosyueHns: HaHoKpuctamndeckux Co-W nmokpeituii
[3, 4, 8]. OnHako, MOCKOMBKY CaMO CyIIECTBOBAHUE
KOMILIEKCAa B PacTBOpE OTHIOb HE O3HAYaeT BO3-
MOYHOCTh €0 BOCCTAHOBJICHHS IO METAITTHIECKOTO
cocrostHusl  (CpaBHH, HampUMep, BOCCTAHOBJICHHE
(beppUIHaHKUIHOTO KOMILIEKCA JKelie3a Ha IUIaTHHE U
HoJlydeHue cepebpa W3 JAUIMAHOAPTEHTAHTHOT'O
KOMILIEKCa cepedpa), M3ydeHne KOMILIEKCO00pas3o-
BaHUS B PACTBOPE IOJDKHO COUETAThCS C MCCIIEI0Ba-
HHEM DJIEKTPOXUMHUYECKOM aKTHBHOCTH KOMILIEKC-
HBIX COCIMHEHHH, Ui 4Yero OyJeT HCHOJIb30BaH
OIWH M3 BapHAHTOB HI/IKJ’H/I‘ICCKOﬁ BOJIbTaMIIE€PO-
metpuu (LIBA).

METOJJMKA SKCIIEPUMEHTA

Onexmpoaumsl u ux npucomosnenue. B tadm. 1
MPUBEACHBI COCTABBI AJNEKTPOJIUTOB, HCIOJIb30BAH-
HBIX JJISl TeNlb-XPOMATOrpadUuecKoro pasJielieHus 1
HCCIIEIOBAHUS UX JICKTPOXUMUIECKOW aKTHBHOCTH.

OcHOBOH Bcex pacTBOpPOB OblT 3ieKkTpoiutT 1
(rabm. 1), onucanssiid B [3, 4, 8]. On BkIOYal He
TOJILKO BOJIb(hpamar HATpHs, COJNb KOOaJibTa W JIH-
rany (TIIOKOHAT HATPHS), HO M XJOPHUZ HATPHS C
koHneHrparnueit ~ 0,5M. Ero nanmmumne o0ycnoBieHO
HEOOXOJUMOCTBIO TOBBIIMICHHS 3JEKTPOIIPOBOTHO-
CTH, TIOCKOJIBKY 3TOT DJIEKTPOJIHT SIBISIETCS paz0aBs-
JICHHBIM TI0 OCHOBHBEIM KOMITOHEHTaM. bopHas kwuc-
nota ciayxuia oydepupyromum areaToM. st mpu-
TOTOBJICHUS DIIEKTPOJIUTA PACTBOPSUIA BHAYAIE COIH
KoOaJsibTa, IVIFOKOHATA M XJIOpUJA HATpHs C TOCHe-
JYIOIMM J00aBJIeHHEM OOPHOM KHUCIOTHI U PACTBO-
peHHEM B O3TOM pacTBOpe Bosb(paMaTra HaTpuUs.
Kucnoraocts (pH) momyuenHoro pactBopa Oblia
5,35. Bce anekTposnuthl (Ipu renb-xpomarorpadu-
YEeCKOM pa3JIelICHHH U U3MEPEHUAX IEKTPOXUMUYC-
CKOHM aKTUBHOCTHU ¢ niomoInsio [IBA) umenu pukcu-
posannbie 3uadenus pH (4,0; 5,35; 6;5; 8,0). Jlose-

neare pH 710 HEOOXOAMMOro 3HAYECHHUS OCYIIECTB-
JSUI0Ch  ToOaBIICHHEM THIPOKCHIA HATpHUS JHOO
cepHOW KHCHOTBI. TakuM 00pa3oM, B HaCTOSIIEM
MCCIIEIOBAHNU KCIIOJIb30BaHO 28 pacTBOPOB. CeMb
MOKa3aHHBIX B TaOJHIIE AIEKTPOIUTOB MPH YETHIPEX
3HaueHusx pH.

Tenv-xpomamocpaguueckoe pasdenenue u onpe-
Oeflenue Kobarema u 801bPpama 8 NpoOyKmax oe-
nenusi. Xpomarorpaduieckue HCCIEAOBaHUS TIPO-
BOJWIIACE C IIOMOINBI KOJOHKM inHOW 1086 MM,
muamerpom 9,9 MM ¥ TIONHBIM oGbeMoM 83,6 cm®,
HAmoJHUTEJIeM KoTopoi ciyxun BioGel P-2
(50-150 mash). [anHblii COpPOCHT OTIMYAETCS
WHEPTHOCTHIO U JICJIUT KOMIIOHEHTHI PACTBOPA O UX
MoJteKyJsipHbIM Maccam [12]. CBoGoaHblii 00beM
KOJIOHKHU ompenensuics mo BSA u cocrapmsun 28 mir.
B kadecTBe pemepHOro COCOWHEHHS Ui OICHKH
MOJIEKYJISIPHOH MacChl HCIOJB30BAJICS [HAaHOKOOa-
namuH (BUTaMuH Bjy, MonekysspHas mMacca KOTOpo-
ro paBHa 1356 r/mosb). CkopocTh MPOTOKA IMOCHTA
peryinupoBaiach MepucTaIbTHYeCKUM HacocoMm P-3
n cocraistaa ~ 0,75 ma/mun. OHa KOHTPOIHPOBA-
Jach B KaXIOM JKCICPHUMEHTE, U XpOMaTorpamma
MEPECUUTHIBANIACh B COOTBETCTBUU C KOHKPETHOM
CKOpOCTBIO TPOTOKA. B KadecTBe JaTdWka BBIXOAA
MPOAYKTOB JEJICHHUsI HCHOJNB30BAJICS CHEKTpodoTo-
metp “Specord M40” ¢ 2 MM TIPOTOYHOU KIOBETOM.
Onrtnyeckass IUIOTHOCTh H3Mepsjiach MpPU JUIHHE
BosiHbl 230 HM. C 1eNbl0 ONpeeeHHsT COOTHOIIIE-
HHA KoOajbTa U BoNb(ppamMa B MPOAYKTaX MPOBOJIH-
JM TperapaTHBHOE pasiencHue (00beM KaxIou
npoObI cocTaBisu ~ 1,5 mi).

Copnepxanue kobanbTa U BoJdb(ppama onpenesns-
1 GOTOKOIOPUMETPUUECKH — U3MEPEHHUEM ONTHYC-
CKOW IIOTHOCTU PAacTBOPOB KOMILIEKCa KOOalbTa €
HUTPO30-R-compio [13, ¢. 677], a Bombhpam — poja-
aunaeiM MetomoM [13, ¢. 600] mocme ero Boccra-
mosnenus Sn(I1) u Ti(lll) ¢ o6pazoBanmem cooTBET-
CTBYIOIIIETO OKpaIIeHHOTO KoMIUIekca. B o6oux
Cllydasix KaInOpOBOUHBIE Tpa)MKU CTPOMIINCH C UC-
MOJb30BAHUEM PACTBOPOB, COJACPIKAIIUX HE TOJIBKO
Co* u WO,”, HO U BCce KOMIIOHEHTHI PacTBOPA
AIIEKTPOJIUTA.

Luxnuueckan eorvmamnepomempus pacmeopos
(IIBA). DnexTpoxuMHuyecKas aKTHBHOCTH PACTBOPOB
(c TOYKH 3pEHUSI AIEKTPOOCAKACHHS CILJIABA HIIH €T0
COCTaBJISAIOIINX) aHATM3UPOBATIACH TPH Pa3IHYHBIX
3HayeHusx pH B cienyromem Bapuante [[BA. B uc-
CJIEZIlyeMOM pacTBOpE MPOBOJIIIN MUKINPOBAHHE HA
TUIATHHOBOM TIPOBOJIOYHOM 3JieKTpoze (ruromans
noBepxHocti 0,159 cM®) OT CTAaLHOHAPHOTO TOTEH-
nUana B KaTOJHOM HANpaBlICHHH CO CKOPOCTBHIO
10 mB/c mo -1,45 B, a 3aTeM B aHOTHOM HaIpaBJe-
Huu a0 nmoreHnuana +0,9 B, mocne yero muki mo-
BTOpsuics. Tlepen KaXKAbIM 3KCIIEPUMEHTOM BBITOJ-
HSUIM  aHOJTHO-KaTOAHYIO OYHUCTKY IIJIATUHOBOTO
aneKkTposa B a3otHoi kuciore (~ 30%) mpu noreH-



Taonauma 1. CocTaB ¥ KOHIIGHTpALHSI SJIEKTPOIUTOB
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Cocrasnsmonye OneKTposuT

JJICKTPOJIUTOB 1 2 3 4 5 6 7
CoS0O, (M) 0,053 - - - - - 0,053
Na,WQO, (M) 0,05 0,05 0,05 0,05 0,05 0,05 -
H3BO; (M) 0,65 - - 0,65 0,65 0,65 0,65
NaCl (M) 0,51 - 0,51 - 0,51 0,51 0,51
Harpus riurokonar (M) 0,55 - - - - 0,55 055

teHuane +1 B 1o MakcuManbHO BO3MOXKHOTO CHH-
KEHMsSI TOKA C MOCJIEIYIOIUM BOCCTAaHOBJIEHUEM I10-
BepxHoctu nipu — 0,2 B B T0# xe cpene. Mexay oT-
JENbHBIMU ITUKIAMH OYUCTKY HE MPOBOIMIN. DIIEK-
TPOJOM CpaBHEHMs CIY>KWJI HACBHILIEHHBIN XJopce-
peOpsiHBI  37eKTpod. TuUmuYHBIE BOJIBTAMIIEPO-
rpaMMBbl IpUBEEHBI Ha puc. 1.

(a)

I
l [\
|\

-7

-0.2
-0.4

Puc. 1. Huxnnueckue BonsTammeporpammsl (IIBA) smexrponu-
toB 1 (a) u 7 (6) mpu pH = 8. Iudpsr va [IBA cooTBEeTCTBYIOT
HOMEpaM II0CJIeIOBATEIbHBIX LHKJIOB. IIMK BOCCTaHOBIICHUS
nepBoro ukia (1) He MOBTOPSAETCS B MOCICAYIOIIHX [IUKIIAX.

O CTemneHu 3NMEeKTPOXUMHUUYESCKOH aKTUBHOCTH CY-
JIAITA KaK MO IUIOTHOCTSIM TOKa B KaTOJHOM IHKJIE,
TaK U IO IUIOIIAJSIM MHKOB aHOTHOTO PAaCTBOPEHHUS
(puc. 1). BenuumHa cTanuOHApHOTO IMOTEHIIMAA
(OCP) naxoaunacs B paiione +0,7 B. Tlpu mukmupo-
BaHWH B KaTOJHOM HAaIPaBJICHHU B MEPBOM LIUKIIE B
uHTepBaie noteHuuanos ot +0,2 no -0,5 B kakue-
100 aHOHBIC MUKU OTCYTCTBOBAJIHM, B TO BpeMs KaK
10CJIe BOCCTAHOBIJICHHSI B KaTOJHOW OONAcTH HpH
LUKJIMPOBAaHUU B aHOTHOM HAIPABJICHUH IOSBIIS-
JHUCh aHOAHbIe MUKH (puc. 1), KOTOpbIE MOKHO
KI1acCu(UIUPOBATh KaK MUKH aHOJHOTO PacTBOpE-
HHS B CHJIY CJICIYIOIIUX NPUYKH: 1) 32 HCKIFOYEeHH-

€M O0COOBIX CIlydyaeB OHH BOCIPOW3BOJWINCH OT
UKIA K UKy (puc. la), 4To SIBISUIOCH KOCBEHHBIM
CBHJIETEIILCTBOM TOTO, YTO B pe3yJbTaTe aHOJHOTO
mpoliecca NPOUCXOANIO aHOJHOE PACTBOPEHHUE MPO-
IYKTa, BOCCTAHOBJICHHOTO B KaTOJHOM LHUKJE;
2) OTCYTCTBOBQJIM BUIUMBIE NMPOIYKTHI HA IUIATHHO-
BOM 3JIEKTPOJIE MOCJIC aHOAHOTO NUKJIA B OTIMYHE
OT COCTOSIHUSI MTOBEPXHOCTH TIOCIIE KaTOJHOTO IIHK-
na.

C y4eToM TOro, 9TO HIEKTPOXUMHUIECKHE SKBHU-
Basientsl CO(Il) u W(VI) ¢ ommubkoit menee 2%
COBIIAJIAIOT, IUIOIIA/b NHKa aHOJHOTO PAaCTBOPECHUS
(Kn/cM®) moxasbIBaeT, Kakoe KOIMYECTBO BEIIECTBA
OCaKIEHO 32 KaTOIHBIM IUKJI HE3aBUCHMO OT COCTa-
Ba MMOJYYEHHOTO ocanka. OTCyTCTBUE MUKa aHOAHO-
TO pacTBOPEHUs CBUJIETEIBCTBOBAJIO O TOM, YTO
IPOLIECC BOCCTAHOBJIEHHS KOMILIEKCA HE COTPOBOXK-
JIACTCSl €r0 BOCCTAHOBJICHHWEM JI0 METAJUTHYECKOTO
COCTOSIHUSL.

B psne pa6ot [14, 15] onucaHbl aHOTHBIC TTHKH B
cucreMe Co-TIIIOKOHAT, KOTOpbIe OOYCIIOBIICHBI HE
AQHOJHBIM PACTBOPCHUEM, a AHOIHBIM DIIEKTPOOCa-
KICHHEM OKCHIa KoOalbTa B CHIIBHOIIECIOYHOU
cpene. OmHAKO WX MOBEICHHE TPH IUKIMPOBAHUU
CYLIECTBEHHO OTJIMYAJIOCh OT HAaOII0JaeMoro B
HACTOSILEM HCCIeJOBaHNU. Bo-niepBbIX, Takue MUKU
HaOJIIOIaNCh TOJNBKO B CHJIBHONIEIIOYHOH Cpene,
BO-BTOPBIX, MPH IHMKIUPOBAHUN MPOUCXOAMI POCT
KaK aHOJHBIX, TaK M KaTOAHBIX IHKOB OT LHKJIA K
IIUKITY, YTO SIBJISUIOCH CIIEICTBHEM TOTO, YTO 00pa3o-
BaBIIMHCS TPOAYKT HE pPacTBOPSUICS 32 TIEPHOA
QHOJIHOTO LIUKJIA.

Kak mnpaBuio, mociemnoBaTeslbHO (HUKCHPOBaH-
HbIe LUK (M HPEXIe BCEro aHOJHOIO PacTBOpe-
Hus) coBnagamu (puc. la). OmgHaKo B HEKOTOPBIX
CllydasiX IUIOTHOCTH TOKOB B TOCIIEAYIOIIUX aHO[-
HBIX IUKJIaX CYIIECTBEHHO OTIMYAINCH IPyr OT
npyra (puc. 16). Torga s aHanu3a MCIOJIb30Ba-
JIMCh BOCIIPOM3BOJMMBIC OT LIUKJIA K LUKITY KPHBBIC
aHOIHOTO pacTBOpeHus. YacTb M3MEpeHHi HpOBO-
WM B HelepeMeImnBaeMoM pactBope. s mpo-
BEPKU BIMSHUS THAPOAMHAMHUKH Ha CKOPOCTh OcCa-
KIICHUSA-PACTBOPEHHST [IUKIMPOBAHNE TPOU3BOIMIN
P NIepeMEeIINBaHNN PAacTBOPA MArHUTHOW MemIai-
KOW. I3MepeHMs OCYIIECTBISIM IIPM KOMHATHOM
temneparype (22 + 2°C).

PE3VIJIbTATBI 1 UX OBCYXX/IEHUE

Coeounenus sorvpamama Hampusi. V3 npen-
CTaBJICHHBIX HA PHC. 2 XPOMATOrPaMM BHJIHO, YTO
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COOCTBEHHO pPAacTBOp BoOJIb(ppamMara HATPHS Tpen-
craBisieT coboit accommar (Habop accoImaroB) ¢
O4YeHb OOJBLION MONEKYJIspHOW Maccoil (puc. 2a).
VuMpeHHble MUKH XpoMaTorpaMm (yLIUpeHHe CBH-
JITeNIbCTBYET O HAJMYMU HAOOpa MPOIYKTOB) BOJIb-
(¢pamaTa HaTpHUs COOTBETCTBYIOT OOJIACTH MOJIEKY-
nsipubix Mace 1200-1400 r/mosb, TO eCTh MOJEKY-
JIIpHOW Macce, OJM3KOW MOJEKYJSIPHOH Macce BH-
tamuHa Bi,. M3menenue pH pactBopa (TO ecTh u3-
MEHEHHE HOHHOW CHJIBI) MEHSET COCTaB acCOLMATOB,
IIPUYEM MOXKET «IPOOUTH» X, BBIAENAS COEAUHE-
HHUS C MEHBIIEH MOJIEKYJSIpHOH Maccoil (cpaBHM
kpuBble 1, 2 u 3 Ha puc. 2a). Haubonee xapanHaib-
HbIe U3MEHEHHUs (CyIs MO U3MEPEHHSIM ONTHYECKOM
IUVIOTHOCTH) TIPOUCXOMSAT IPU IEpexoje K MIeo4-
HbIM pactBopam (pH = 8, puc. 2a).

I 1356 r/Monb
D
! 2 (a)
0.1 4?&
M " 1 y 1
5 100 150
1
1 0
52 (6)
0,1 4 —
*33-5-::2
0,01 ' : ' - !
50 . 100 150
1 kD
3
0.1 4
0,01 = T
5
1 gD
0,1
0,01 T . T . ,
50 100 150

V, ma

Puc. 2. Tenp-xpomaTtorpammsr anekrponutoB 2(a), 3(6), 4(s),
5(r). LHudpsr 0K0I0 XpOMAaTOrpaMM COOTBETCTBYIOT 3HAYCHHSIM
pH pactBopos: 4,0(1); 5,4(2); 6,5(3); 8,0(4). BepruxanpHas -
HHS  COOTBETCTBYeT 00beMy BBIXOJa BHTaMHHAa Bi,
(1356 r/mous).

TouHoe 3HaYCHNE MOJICKYIIAPHBIX Macc He ompe-
JIeTISUIOCh, MMOCKOJIBKY OTCYTCTBOBaia JIMHEWHas 3a-
BHUCHUMOCTb MEX[Y IOJIOKEHWEM THKa Ha XpOMaTo-
rpaMMe ¥ HCIIOJIb30BaHHBIMH JUISl ATUX LIEJICH Map-
KEpaMHu C U3BECTHON MOJIEKYJISIPHON MaccoM, ojHa-
KO u3BecTHO, 4to mpu pH ~ 5-8 Bombdpam cyme-
CTBYET B BHJIE Pa3IMYHOTO POJia aCCOLMATOB THIIA
HW120411°' 1 HW:0,”, 10 ecthb ¢ MOJICKYJISIPHOM
Maccoi KOMIUIEKca, BXOJSIIETO B acCOLHUAT, IOPS-
ka 1450-3000 r/mons [2] (Ccm. Taxke [16, 17]). Vuu-
THIBas, 9TO KaK COCTaB KOMIUIEKCOB M COCTaB acco-
LUATOB B CHJIBHOW CTETIEHH 3aBUCST OT KOHIICHTpA-

UM BoJib()paMaTa, MOXHO CUUTATh, YTO TONY4YCH-
HbIC HAMU pe3ysbTarhl (OJM3KKE MO MOPSIKY BEIH-
YHHBI 3HAYCHUsI MOJICKYJISIPHBIX Macc) HE MPOTHUBO-
peyar UMEIOIUMCS SKCIIEPUMEHTATBHBIM JTAHHBIM.

BBenenune B pacTBOp XJIOpUAa HATPHUS MPUBOIUT
K PpE3KOMY CHIDKCHUIO MOJIEKYJSIPHOH MacChl
(puc. 20) TIpuuem MogOOHOE CHIDKEHHE MPOUCXO-
JIAT JIJIsl BCEX HMCIOJIb30BaHHBIX PACTBOPOB, HE3aBU-
cumo oT pH. MakcumaiabHOE CHUXKEHUE ONTHYe-
CKOW TUIOTHOCTH HaONIoaeTcss MpH TMepexoie K
anexrponuty ¢ PH = 8 (puc. 26).

JlobaBieHHe K pPacTBOPY Boib(pamara HATPHS
OOpHOI KUCIOTHI (MEKTPOIHT 4) MPUBOIMUT K 00pa-
30BaHMI0 HECKOJNBKHX KOMIUICKCOB, B TOM YHCIE C
MOJIEKYJIIPHOW Maccoil OoJbleld, 4eM y BUTaMHUHA
Bi, (puc. 2B), a mpucyTCTBHE B pacTBOPE XJOPHI-
HOHOB — K «IPOOJICHUIO» acCcOIMAaTOB M 00pa3oBa-
HUIO COEJMHEHUM C MEHbIleW MOJIEKYJISIpHOW Mmac-
coii (puc. 2r). JlobaBieHre B 3TOT PAacTBOp TITFOKO-
HaTa HaTpus (nekTponuT 6, Tabn. 1)) BeI3bIBaeT 006-
pasoBaHWe TIIOKOHATHBIX KOMIUIEKCOB ¢ OOMbIIeit
MOJIEKYJIIPHOM MAaccol, a UX COCTaB, OYEBUJHO, 3a-
BUCHUT OT pH, TOCKOJBKY NpU €€ W3MEHEHUH CyIlle-
CTBCHHO M3MEHSCTCSA ONTHYECKas TUIOTHOCTh pac-
tBopa (puc. 3). CpaBHEHHE Tellb-XpPOMATOTPaMM,
NpeACTaBICHHBIX Ha pHUC. 3, MOKa3bIBaeT, 4TO JO-
OaBiieHUE TIIIOKOHATA HATPUS B DIIEKTPOIUT S5 00y-
CITOBJIMBACT: &) YBEIMUYCHHUE OMNTHYECKON IJIOTHO-
ctv; 0) yBelIWYeHHE MOJIEKYIISIPHON Maccel 06pasy-
IOLIUXCS KOMITJIEKCOB BOJIb(pama.

D 1356 r/mounb

3k 1
(a)

50 100 150

50 100 150

V, mi

Puc. 3. T'enp-xpomarorpammsl asekTpoinTtos 6(a), 5(6). udps
OKOJIO XpOMAaTOrpaMM COOTBETCTBYIOT 3HaueHusiM PH pactBo-
pos 4,0(1); 5,4(2); 6,5(3); 8,0(4). BeprukaibHas JIHHHS COOT-
BETCTBYET 0ObeMy BbIxoja BuTaMuHa By, (1356 r/mos).




OmHako HH OIWH W3 BOJb(paMcomepKarimx
TJIFOKOHATHBIX KOMIIJIICKCOB (HOJ’Iy‘IeHHBIX Impu pas-
muuHBIX pH) He BoccTaHaBIMBAETCS 0 METaJUIHYe-
CKOTO COCTOSIHUS, IOCKOJIBKY Ha pUC. 4 Ha BOJIETaM-
neporpaMmmax OTCYTCTBYIOT IHKH, OOYCIIOBJICHHBIC
AHOJTHBIM PACTBOPEHUEM, XOTS BOCCTAHOBIEHHE B
KaToqHOH obyactu umeeT MecTo. OUEBHIHO, 4YTO
00 ATOT TIPOIecC 00YCIIOBICH TOIHKO BOCCTAHOB-
JICHUEM BOJIOPOJa, MO0 MPOUCXOAUT BHyTpUChEp-
HOE BOCCTAaHOBJICHHE KOMILIeKkca Oe3 oOpa3oBaHUsI
MeTaJlla Ha 3JIEKTPOTHOMN TOBEPXHOCTH.

0 r o
A 2/%
e

al
&
<
= -6h

8F 3

, ) . E,B
10 -1 0 1

Puc. 4. l{uknnueckre BOIbTaMIIEPOrpaMMbl 3JIeKTpouTa 6 mpu
pH =4,0(1); 5,4(2); 6,5(3); 8,0(4).

D 1356 r/Monn
0,40
0,35
0,30
0,25
0,20 -
0,15
0,10 -
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Puc. 5. lenp-xpomarorpammel anekrpoiuta 7 mpu pH = 4,0(1);
5,4(2); 6,5(3); 8,0(4). BepTukaibHas JTHHUS COOTBETCTBYET 00b-
eMy Bbixoza ButamuHa By, (1356 r/mons).

Komnnexcor kobanvma. I'TIOKOHaTHBIE KOMILIEK-
CBI KOOaNbTa C 1OCTaTOYHO BBICOKOH MOJIEKYJISIPHOM
Maccoil Takxe 00pa3yroTcs, IpUUeM, KaK ClIeqyeT U3
puc. 5, COOTBETCTBYIOIME KOMIUIEKCHI: &) COCTOST,
Kak MHHUMYM, U3 JIByX MPOAYKTOB C JOCTATOYHO
BBICOKOW MOJIEKYJISIPHON Maccoi; 6) UX cOCTaB Me-
usercs ¢ m3MmenenneM pH pacteopa (puc. 5). Cre-
OyeT MOAYEPKHYTh, YTO, CYAs MO MUKaM Ha Xpoma-
TOrpaMMmax, o0pasyroluecs B 3THX pacTBOpax IJIio-
KOHATHBbIE KOMIUIEKCHl KO00ajbTa 3HAYUTEIbHO OT-
JMYAI0TCS OT OMHUCAaHHBIX B jureparype [18], mo-
CKOJIbKY MX MOJIEKYJISIpHAsi Macca, KaKk MHUHHMYM,
BIBOE IPEBBIIIACT MOJECKYJSIPHYIO Maccy H3BECT-
HBIX TVIFOKOHATHBIX KOMIUIEKCOB KoOanbTra. OgHAKO
B OTJIMYME OT KOMIUIEKCOB, COJAEP)KAIIUX TOJBKO
BOJIb(paM, U3 pacCMaTPUBAEMBIX COCIUHEHUI HIET
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BOCCTaHOBJICHHE C O0Opa3oBaHMEM K0OajghTa HA IIO-
BepxHOCTH (puc. 6).

0.5 .I‘.n_-& E,, BI
1

Puc. 6. [lukirueckre BOJILTAMIIEPOTPAMMBI DIIEKTPOIUTA 7 TIPH
pH = 4,0(1); 5,4(2); 6,5(3); 8,0(4). Bonbramneporpamma 5 1o-
nyuena npu PH = 8,0 mocne GapborupoBanus Bozgyxom. Ha
BPE3Ke MPEACTABICHBI KATOJHBIC LUKJIB BOJIBTAMIIEPOTPAMM.

12 —
' 7
3

L] - \

2
B
0 1 1 L 1 1
4 5 6 7 8

pH

Puc. 7. 3aBUCUMOCTb BEJIMYHH 3apsIOB, 3aTPAYCHHBIX Ha aHO[-
HOE pacTBOPEHHE IIPU LMKIUPOBaHHHU djekTponutoB 7(1, 3);
1(2, 4) B orcyrcrue (1, 2) U MpU HATHYKK MEPEMEIIUBAHUSL

(3, 4).

CKOpOCTh BOCCTaHOBIICHUS 00Pa3yIOMINXCS KOM-
IUICKCOB CHIIbHO 3aBHcUT OT pH (puc. 6), yBemuun-
Basich ¢ ymeHblieHneM pH snektponuta. Kommye-
CTBO BBIJICJIUBILIETOCS METAJIa, ONPEACICHHOE IO
IUTOIIAM TIMKA aHOTHOTO PAaCTBOPEHHMS, TAKXKE pac-
TeT ¢ ymenbienueM pH (puc. 7), uTo moaTBepkaacT
HaOJII01aeMoe yBEJINYEHHE CKOPOCTH BOCCTaHOBIIC-
HHS KOOAIbTCONEPKAMNX KOMIUIEKCOB NP yMEHb-
menuu pH. bonee Toro, npu BocCTaHOBIEHUM B IE-
nouno# cpene (pH = 8) ocaxknarorcesi, Kak MUHUMYM,
e hopmel KobansTa (BO3MOXKHO, O- M B-KOOAJBT),
MIOCKOJIBKY Ha KPHBBIX aHOJHOTO PAaCTBOPEHHS MPHU
pH = 8 mabmomarorcs aBa muka (puc. 6).

W3BecTHO, YTO B INEIOYHOW Cpele BO3MOXKHO
okucnenne kommiekcoB Co(ll) mo Co(lll). Kak Bua-
HO W3 CpaBHEeHHS KpUBHIX 4 u 5 Ha puc. 6, onuH U3
NMKOB Ha KPHUBBIX aHOIHOTO PACTBOPECHUSI PACTET
HOCJIe MPOIYCKaHHs Yepe3 3JICKTPOJUT Bo3ayxa (c
HETbI0 OKUCIICHUSI KOOAIbTOBOIO KOMILIEKCA) B Te-
YeHHe HECKOJIIBKUX 4acoB. OYeBHIHO, YTO OfHA W3
(dhopM oOpa3yrolerocsi KooaabTa CBsI3aHa C BOCCTa-
HOBJICHHEM OKHCJIEHHOT0 KoMIuiekca (puc. 6).



KonmaecTBo ocaxmeHHOTo MeTauia pe3Ko BO3-
pactaer npu nepememmBanuu (puc. 7). Ilnorans
MTUKa aHOJIHOTO PACTBOPEHUS yBenu4IuBaeTcs B ~ 3,5
pasza Tpu HAIWYNH nepeMemuBanus npu pH = 4 u
TaK)Ke pacTeT, HO B MeHblel crenenu npu pH = 8
(puc. 7). DakT BAUSHUSA THAPOAMHAMHKHM Ha CKO-
pPOCTh OcaxaeHus: (pacTBOPEHUsI) CBUACTEILCTBYET
B TIOJI3y THIOTE3bI, YTO MPOIECC BOCCTAHOBIICHUS
Ko0anbTa U3 ero KOMIUICKCOB (pa3HbIX MPH pa3iny-
Heix pH) kxouTposnmpyercst auddysueir (HOHHBIM
MAacCOIepPeHOCOoM), JTHOO THIPOIUHAMHKA BIHMSET Ha
pH mpuanekTpomHOTO CIosl, M, KaK CIIEACTBUE, U3-
MEHSIETCS NPUPOAa BOCCTAHABIMBAIOIIETOCS KOM-
miekca (cM. Takxke, Harpumep, [19]).

Kobanvm-gonvgppamoswvie xomnuexcei. Couera-
HUE TMPENapaTUBHOIO Telb-XpoMaTorpaduyeckoro
pasgeneHuss U (QOTOKOJIOPHUMETPHUYECKOTO Ompere-
JIeHUS KOoOaJIbTa U BoJIb(GpamMa B IPOIYKTaX ICICHUS
MOKa3bIBAET, YTO OCHOBHBIM KOMIIOHEHTOM PacTBO-
pa SBISeTCS  TeTepOMETAIIMYECKHd  KOoOabT-
BOJb(GpaMcoiep Kaluii TIIOKOHATHRIM KOMITIEKC C
COOTHOIIIEHHEM MeTaanoB, Oau3koM kK 1.1, u mome-
KyJsipHOM Maccoii mopsinka 1000 r/monb (puc. 8).
Kpome Toro, BuIHO, 4TO BTOPOIl MUK HAa XpOMATO-
rpamme (C MeHBIIEH MOJEKYISAPHOM Maccoi, CM.
TaKKe BTOPOM IMHK HA pHC. 5), OYEBHIHO, CBSI3aH C
HAJIMYMEM B PAacTBOpPE YUCTO KOOAIBTOBOTO KOM-
IJIEKCa, MOCKOJIBKY B OTHUX MPOAYKTaX [EICHUS
KOHIICHTpAlXsl KoOallbTa CYIECTBEHHO IPEBHIIIACT
KOHLICHTpAIMIO0 BoJbdpama (cp. kpuBble 2 U 3 Ha
puc. 8).

42,0
0,004
2 {15
0,002 11,0
40,5
A
0 L consegeds rmiPlelgdie
40
20 40 60 80 100 120
V, Mn

Puc. 8. T'enb-xpomarorpamma (1), koHueHTpanus kodanbra (2)
u Bosib(pama (3) B cooTBeTCTBYIOMIMX (pakuusix snekrponura 1
npu pH =5,4.

W3 1abn. 2 BUOHO, YTO B KHCJIOW Cpelle peru-
cTpupyercsi He Bech ko0aibT (~ 77% npu pH = 4 u
90% mpu pH = 5,4). BugHo Takke, 4To ompeense-
Masi KOHIIEHTpalusa KobaabTa B MPOAYKTaxX JIEIeHUS
C MEHbIIIEH MOJIEKYJISIpHON Maccoi pacrer (puc. 8).
OueBuAHO, YTO B KHUCIOH cpelae KOOAIBT MOXKET
HaxXOIWTHCA HE TOJNBKO B BHIE KOMIUIEKCHOTO CO-
€MHEHUs, HO U TUAPATHPOBAHHOTO MOHA KOOaJIbTa
(I1). B menouHo# ke cpene 0y BBICOKOMOIIEKY-
JSIPHBIX ~ KOMIUIEKCOB  KoOampTa  BO3pacTaeT
(tabum. 2). B otnmuune ot noHoB kobansTa (1) Bosb-
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(bpam IPaKTUUECKH BECh COAEPKUTCS B KOMIUIEKCAX
C BBICOKOM MOJIEKYJIIDHOM MaccOi U JIETKO JETEK-
THpYETCs B POIyKTax aenenus (Tadi. 3).

Taomuma 2. Comepxanue KobanpTa (0 METALTY, MI) B
HCCIICIOBAHHBIX (DPAKIUAK ICKTPOIIUTA

pH =4, pH=54 pH =65 pH=8,0
Konnuectro 50 50 40 40
1po0
Bseneno B ko- ~2,95
JIOHKY (M)
OOHapyxeHO ~ 2,26 ~ 2,66 ~2,60 ~2,82
(mr)
OGHapyKeHO 76,6 90,1 88,1 95,6
(%)

Taomuma 3. Conepskanue Boibhpama (Mo MeTamty, Mr) B
HCCIICIOBAHHBIX (DPAKIUAK ICKTPOIIUTA

pH=40 | pH=54 pH =65 pH =80
Konnuectro 50 50 40 40
1po6
Beeneno B ~9,22
KOJIOHKY (Mr)
OOHapyxeHO ~8,78 ~8,81 ~9,2 ~9,2
(mr)
OGHapyKeHO 95,5 95,8 100 100
(%)
0,003 {10
0,002 | a
=
£ 40,5
2
“0,001 f
ol 10
20 40 60 80 100
V., M

Puc. 9. T'ens-xpomarorpamma (1), koHueHTpalus kobanbra (2)
u Bonb(pama (3) B cooTBeTCTBYIONMX (paKiusix dmekTponuTa 1
npu pH = 6,5.

0,004
40,4
E0.0(}3 -
= 103
=
“0,002 + o
10,2
0,001 / /\/ \ \
- 2\ |
\, W 0,1
ok A,
L 1 1 0
20 40 60 80 100
V., Mn

Puc. 10. T'enb-xpomarorpamma (1), koHuIeHTpaIws kobaipTa (2)
1 Bosb(pama (3) B COOTBETCTBYIOLIMX (hpakuusx saekTponuta 1
npu pH = 8,0.

Ipu yBenuuenuu pH Habrogaercs o6pasoBanue
KOOATbTOBOr0 KOMILIEKCA C OYCHb BBICOKOW MOJIe-
KyJspHo#t maccoit (Bbimre 1360 r/moms) (puc. 9).
Ilpu >TOM TeTEPOMETAUTHYECKHI KOOAIbT-BOJIb-



(dhpamconepkamuii TIIFOKOHATHBIA KOMILIEKC TaKKe
CYILECTBYET, MPUYEM COOTHOIIICHUE B HEM KOOaJIbTa
u BoJb(dpama Toxke O1m3ko k eaunuue (puc. 9). Ox-
Hako B 3ToM ciy4ae (kak npu pH = 6,5, tak u mpu
pH = 8) MakcMMyMbI TMKOB COSIMHEHHI, COJepKa-
mUX BoJb(ppaM W KOOAIbT, B MPOJYKTAaX JCICHHS
Heckonbko pacxozsrces (puc. 9, 10). IIpuuuns! mo-
TOOHOTO pacxXoKICeHUS TPeOYIOT MaabHEHIHMX WC-
CJIeI0BaHUH.

B pesyibrare 35meKTpOOCaXKICHUS U3 ITUX KOM-
IUIEKCOB 00pa3yroTCsl OCaaKH cIulaBa (KOJUYECTBO
JNIEKTPUYECTBA, TONICANIee Ha pacTBOpEHHE, BO3-
pactaet (puc. 7)). U B 3TOM Ccilyyae CKOpOCTh 3JIeK-
TPOOCAXKJICHUS pacTeT NPH HAINYUH IepeMeIInBa-
Hus (puc. 7). OHOBPEMEHHO KOJIMYECTBO OCAXKIICH-
HOTO MeTaJlla majaer ¢ yBenuuenuem pH mpu oau-
HAaKOBOHM aHAJIMTUYECKON KOHIIEHTPALUH KOOAIbTa U
Bolb(pama B pactBope (puc. 7). BumHo taxxke, uro
B 3aBHCUMOCTH OT pH 00pasytoTcs pazinyHble Tpo-
IYKTBI dJIeKTpoocakaeHus (puc. 11).

E,B

Puc. 11. Iluknuyeckue BOJIbTaMIEPOrpaMMBlI JIEKTpoiauTa 1
mpu pH = 4,0(1); 5,4(2); 6,5(3); 8,0(4). Ha Bpe3ke npencrasie-
HBI KATOAHBIC LTUKJIBI BOJIbTAMIIEPOTPaMM.

OuyeBUIHO, YTO BO BCEX CIy4yasXx HMEET MECTO
o0Opa3oBaHHe OCajJika Ha D3JEKTPOJAe, HO C Pa3HBIM
conep)kanreM Bobdpama B ciiaBe. O0 3TOM MOX-
HO CYIUTh KaK 10 CIBUTY IOTEHITMANA aHOIHOTO
PaCTBOpPECHHS B KaTOJHYIO 00J1acTh 10 CPAaBHCHUIO C
IBA mst xko6anpTa (M. KpUBBIE aHOIHOTO PACTBO-
peHusl, mpecTaBiIeHHbIe Ha puc. 6 u 11), Tak u mo
YBEIUYECHUIO KOJMYECTBA 3JICKTPUUYECTBA, MOIIE-
[Ier0 Ha aHOJTHOE PACTBOPEHHUE ocajka (MOKPHITH)
(xpussie 1 u 2 Ha puc. 7).

Wsmenenne (B 3aBucuMoctd ot pH) mukoB aHo-
HOTO PAaCTBOPEHUS HE TOJNBKO Ka4eCTBEHHOE (CM.
puc. 11), Ho u KoamYecTBeHHOE (pUC. 7) OTHIONb HE
SIBJISIETCSI CTPOTUM JTOKA3aTeIbCTBOM H3MEHEHHS CO-
CTaBa CIUIaBa, a CJIEIOBATEIbHO, BIUSHUS KOMILICK-
coo0pa3oBaHUsl HA COCTAaB TOKPBITHS, ITOCKOIBKY
WCIIOJIb30BAaHHBIA METOJI HE TO3BOJIAET H3MEPSTh
cocTaB mocieaHero (mocie MUKIHPOBAHUS OCATOK
MOJTHOCTBIO  pacTBopsiercs). OJHAKO, BO-TIEPBBIX,
KadeCTBeHHAs pa3HHUIAa B MUKaX aHOJHOTO PacTBO-
pPEHUS CBUAETEIBCTBYET O TOM, YTO B aHOJIHOW 00-
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JIACTU PACTBOPSIOTCS PA3IMYHbIC MPOIYKTHI, MOIY-
YeHHBIE TIPU BOCCTaHOBIeHHU. Kpome Toro, crenu-
aJIbHO MPOBEACHHBIE W3MEPEHHs, MMOAPOOHO B 3TOU
cTaThe He omnmchiBacMbie (OHH OYIyT MPUBEICHBI B
OT/ICIIEHOM COOOIICHUHM), TIOKA3aJIH, YTO B YCIOBHUSIX
raJbBaHOCTATHUECKOTO  3JIEKTPOOCAKICHUS  IPH
miotHOCTH Toka 1 A/nm® 3 smextponnrta 1 m pas-
JYHBIX 3HaYeHUX pH COCTaB MOKPHITHS MEHSIETCS.
Tak, koHLEeHTpalus Boibhpama (aT.%) B MOKPHITHH
u3MeHsietcs: cnenyromum oodpazom: 15 (5); 23 (6);
20 (7); 16 (8) (B cxobOKax MPHUBEIEHO COOTBETCTBY-
foree 3uauenne pH amextponura 1). Takum obOpa-
30M, HW3MEHEHHE COCTaBa MOKPBITHS MOCIE 3JIeK-
TPOOCAXKICHHUS M3 JJCKTPOJIUTA C PA3THYHBIMH 3HA-
yeHusimu pH, a cremoBarenbHO, Pa3IUYHBIX KOM-
IUICKCOB MOYKHO CUUTATh 00OCHOBAHHBIM.

[MepememBannue yBEIMYHBAECT CKOPOCTh OCa-
KIEHUS HE TONBKO KO0ajabhTa, HO M €ro CIijiaBa
(puc. 7).

Ponv xomnnexcoobpazosanus 6 opmuposanuu
cocmasa noxkpwvimusi. I1omydeHHbIe pe3yabTaThl 103~
BOJISIIOT 3aKIIOYHTH, YTO B TIFOKOHATHOM DJIEKTPO-
yute ans nonydenus Co-W nokpeituii o6pasyrorcs
KaK CMCIIAHHBIC TeTEePOMETAITHIECKHE KOOAIbT-
BOJIb()paMCOiepIKaIInie TIOKOHATHBIE KOMIUICKCHI,
TaK U YUCTO KOOAIBTOBBIC U BOJIL(PAMOBBIC COCIH-
Henus. OJHAKO U3 BOJB(PAMOBBIX KOMILIEKCOB
BOCCTaHOBJICHUSI BOJIb()paMa JI0 METaUIMYeCKOro
COCTOSIHUSI HE MPOMCXOAMT B OTIMYHE OT KOOAIBTO-
BBIX U KOOAJbT-BOJIB(PPAMOBBIX KOMIUIEKCOB. COOT-
HONIEHHE KoOaahTa W BOJb(ppamMa B CMEIIaHHOM
koMmIuiekce 1:1, oHaKO B MOKPBHITHH 3TO COOTHOIIIE-
HHUE OTJIMYAeTCsl OT HaOII0AaeMOro B CMEIIaHHOM
reTepoOMETAIITHYECKOM COSTMHCHUU B CTOPOHY YBe-
JIMYEHHsI COMepKaHusl KoOanbTa B CIUiaBe (CM. BBI-
HIeTIpUBEICHHBIE JaHHbBIE, COTIACHO KOTOPBIM CO-
JiepKaHue KoOanbTa B MOKPHITHH, TOJYUYECHHOM MPH
mIoTHOCTH Toka 1 A/IM?, HaXOIMIOCh B HHTEpBAIE
77-85 ar.% wu MeHssoch B 3aBuCHMMOCTH OT pH).
Kpome toro, cornmacho [8], B HOKPHITHSIX M3 3JEK-
TponuTa 1 B 3aBUCUMOCTH OT IUIOTHOCTH TOKa KOH-
LeHTpaIus kobanbra MeHsuiach oT 74 no 84 ar.%,
BO3MOXXHO, TI0 TOI MPUYMHE, YTO UMEET MECTO BOC-
CTaHOBIICHHE HE TOJBKO CMEIIAHHOTO KOMILICKCA,
HO W TIIOKOHATHOTO Komruiekca kobanpra. COOTHO-
HIEHUE CKOPOCTEH 3THUX JIBYX TPOILIECCOB, a TaKXKe
mpolecca BOCCTaHOBIICHHST BOJOPOAA, COMPOBOXK-
JIArOINerocs TOANIeIauuBaHiEM PAcTBOpa, Ompejie-
JISIET COCTaB 00Pa3yIOIIErocst CruiaBa.

[MonoGuast ponbp xKoMIuiekcooOpa3oBaHus B Gop-
MUPOBaHUU cOCTaBa (M CBOWCTB) MOKPHITHSI HE HOBA.
B kauecTBe rumotesbl Takas cxemMa (OPMHPOBAHHUS
COCTaBa MOKPBITHS TPH DICKTPOXUMHYECKOM OcCa-
JKIICHUH TIpeJyIaranach, B yactHoctH, B [1]. Oxnako,
B oTyiMure ot [1], U3 pe3ynbTaToB HacTOsAIIEH pado-
TBI CIIEAyeT, YTO OOpa3ylolluecs TIIOKOHATHEIC
KOMIUIEKCHI (KaK CMEIIaHHbIC, TaK U KOOAIBTOBBIC, U



BOJb()PAMOBBIC) SBIAIOTCS KOMIUIEKCAMH HMHOMN
MIPUPOJIBI, C OYE€HBb OOIBIION MOJIEKYISIPHONW MaccoH,
a Ha coctaB HMX (a TaKKe CKOPOCTh OCAaKICHHS)
oueHb cwibHO BiusieT pH pactBopa. [IpuHnunuams-
HO Ba)XHBIM TaK)Ke SIBJISIETCS JTOKAa3aTeNbCTBO TOTO
¢akTa, YTO B CMEIIAHHOM KOOaJIbT-BOJb(pam-
coJieprKallieM KOMITJIEKCE COOTHOIIEHHE BOJb(pama
n xobanpra 1:1. M3BecTHBIE K€ JaHHBIE O COCTaBe
NOKPBITHH M3 3TOTO JJEKTPOJIUTA B COYECTAHHUH C CO-
CTaBOM KOOaIbT-BOJIL(PPAMOBOTO KOMILIEKCA B pac-
TBOPE MOYKHO paccMaTpuBaTh Kak KOCBEHHOE JOKa-
3aTeNbCTBO TUIOTE3BI, npeamoxennoi B [1]. K co-
KaJICHUIO, MCIIOJIb30BaHHBIA METOJ (PUKCALUN KOM-
IDIEKCOB B PAacTBOpE HE IMO3BOJIMI OMPEAEITUTHh HX
COCTaB.
3AKJIIOYEHUE

Pe3ynpTaThl MPOBENEHHOTO HCCIEIOBAHMS I103-
BOJISIIOT YaCTUYHO OTBETHTH Ha BOIPOC O MPHPOJC
«aHOMAJBHOTO»  3JEKTPOOCAXIEHHS  CIUIABOB,
HaOJII0aeMOTO TIPH MHAYIHPOBAHHOM 3JIEKTPOOCa-
)kaeaun Co-W MOKpBITHI W3 TIIOKOHATHOTO DJIEK-
Tposuta. OUeBHIHO, YTO OHa 3aKiroyaercs B (op-
MHPOBaHUH TJIFOKOHATHBIX KOMILIEKCOB B PacTBOPE,
IpUYEeM JJIEKTPOOCAXKICHUE OCYIECTBISCTCS KaK U3
CMEIIaHHOTO TeTePOMETATITUIECKOTO KOOAIbT-BOJIb-
(dpamcoaepkamero KoMIUIeKca C COJCp)KaHHEM B
HeM Bosibppama u kKobampTa B coOoTHOmeEHWH 1:1,
TaKk W KoOanpToBoro komriekca. CoOOTHOIIEHUE
CKOpOCTEH BOCCTAHOBJICHHUS! ATHX KOMIUIEKCOB, 3a-
Bucsmiee ot pH pactBopa (u Bmusromero Ha pH
MPUBJIEKTPOIHOTO CJIOSl MpOoIlecca BOCCTAHOBIICHHUS
BOJIOPOJIA), OMpEesieT cocTaB MOKphITUs. O4YeBua-
HO TaKXe, YTO Ha KOHEUHBII COCTaB CIIIaBa JOJKHBI
BIIMATH DIICKTPOAHBIC NPOIECCHI, TPOUCXOIIIINE Ha
COOCTBEHHO JJIEKTPOJHOW TOBEPXHOCTH, HE pac-
cMaTpuBaeMble B HacTtosulei pabore. HecomHenHo,
OJTHAKO, YTO MpPEKypcopaMu Ul MOJTYyYeHHs CIIIa-
BOB B IOKPBITUH SIBISIIOTCS KOOAIBTOBBI H CMe-
LIaHHBIA KOOanbT-BOJIb(YPAMOBBI KOMILUIEKCHI, 00-
pasyroIuecs B pacTBope.

Aemopwbt 61azodapnsl npog. X. Lecuynucy 3a nones-
Hble 00CyHCOeHUsL Pe3yIbmamos UCCIe008aHUSL.

Paboma evinoanena 6 pamrax 6100xcemno2o QuHan-
cuposanuss AH Monooevr (I[Ipoexm Nell.817.05.054
«Onexmpo@usuxkoxumuyeckue mMemoovl noayueHus u 0o-
PpadbomKu HOGbIX MAMepUanos u NOKPLImutl, 001a0aruux
VAVHULEHHBIMU — (DYHKYUOHALbHBIMU — CEOLICMBAMUY),  d
maxoice [IpuoHecmposKo2o 20CyOapCmeeHHO20 YHUBep-
cumema um. T.I'. [llesuenxo u npoepammsr FP7 (IRSES,
TEMADEP, Me 05-104-7540).
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Iocne dopabomku 13.08.13
Summary

The purpose of the given research has been to specify
the route of formation of Co-W coatings. To this end, the
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gel permeation chromatographic separation of boron-
gluconate electrolyte has been used, as well as the photo-
colorimentric determination of the composition of the
separation products, and the evaluation of the electro-
chemical activity of these complexes in the pH range 4.0
to 8.0. As a result, it has been found out that the composi-
tion of the Co-W coatings thus formed is defined by the
relation of the rates of the reduction of those heterometal-
lic complexes (with the Co-W ratio 1:1) and Co comple-
xes, as well as the reaction of hydrogen reduction, de-
pendent on both the electrolyte pH and hydrodynamic
conditions.

Keywords: nanocrystal coatings, heterometallic com-
plexes, gel permeation chromatographic separation,
Co-W, electrolytic coatings, induced codeposition, cyclic
voltamperometry.
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DuekTpojuTHYecKue koMno3uTel Co, Ni-OumeTasio-
cyabpua0B ¢ rUAPOPUINZUPOBAHHBIMU MHOTOCTEHHBIMU
yIJepPOJAHbIMHA HAHOTPYOKAMHM B MAKETHOM
JUTHEBOM AKKYMYJsSITOpE

P. JI. Anocrosioa®, O. B. Kostomoer?®, M. O. lannaos®, E. M. Illembean®

8I'BY3 «Ykpaunckuii 20Cy0apcmeeHntblii XUMuKo-mexHoa02u4eckuil YHUeepcumems,
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Onextposnutrnueckue Kommo3utel CO, Ni-6uMeramiocyabGumaoB ¢ THAPOPUIN3HPOBAHHBIMA MHOTO-
crenHsiME yrieponubiva HaHoTpyOkamu (Co, Ni-S, C) mpexacraBnstorcst Gosee MepCrieKTHBHBIME
ANEKTPOHBIMUA MaTepualiaMi B PEAOKC-PEAKIMU C IUTUEM, YeM KOMIO3UTHI CYIb(MHI0B HEPEXOIHBIX
MeTaiioB ¢ rpaduramu. Paspsanas emkocth Co, Ni-S, C-KOMIO3MTOB B MAaKETHOM JIMTHEBOM
akkymyssitope (550725 MA-4/r) mPEBOCXOAUT TEOPETHUYECKYIO PaspsIHYI0 EMKOCTh rpadura
(372 MA-4/r), HCTIONB3yEMOT0 B KOMMEPYECKUX JINTHIH-MOHHBIX GaTtapesix.

Knrouesuie crosa: Co, Ni-6umemannocynouost, cudpopunuzayus, MHo2oCmeHnHble yeaepoonble HAHO-

MpYOKU, TUMUEsblli AKKYMYIAMOP.
YK 541.136

JIutuewie u nurtuii-uonnsie (JIM) Garapeu cra-
HOBATCSI Bce Ooyiee BOCTPEOOBAHHBIMH B CBSI3U C
HCYEPIIaeMOCThIO TIPUPOJHBIX IHEPTOPECYPCOB H
POCTOM MOTPEOHOCTH YeNOBEYECTBA B aBTOHOMHBIX
MOOHMIIBHBIX MCTOYHHMKAX 3JEKTPONHUTAHHs. DBOJIO-
s JIM TexHomoruii crmocoOCTBOBajga MHOMKECTBY
¢yHKIMOHANBbHEIX npumeHennid JIM Oarapei, oc-
HOBHOE M3 KOTOPBIX — JJIEKTPOCHAOKEHHE TOpTa-
TUBHOW AJIEKTPOHHOW TeXxHWKH. J[nsi mMacmTaOHBIX
MMOTPEOHOCTEH  AIEKTPOTPAHCIIOPTa HEOOXOIUMBI
OoJsiee PHEProeMKue, MOILIHBIE, BHICOKOCKOPOCTHEIE
U HEIOpPOrHe HCTOYHHKH TOKA, KIIOYEBBIM IyTEM
Pa3BUTHA KOTOPBIX SIBJISETCA CHHTE3 HOBBIX AKTUB-
HBIX HaHOPa3MEPHBIX JJIEKTPOAHBIX MaTepuaioB. B
psAy TMOCIeIHUX MHTEpEC MPEeACTAaBIIOT YIIEpO.-
ueie HaHoTpyOku (YHT). B JIU cucremax YHT wuc-
NOJB3YIOT U UCCIIENYIOT B OTPUIATEIBHBIX DIIEKTPO-
Jlax, a TAaKXKe B KOMIIO3ULIUHN C aKTUBHBIMU MaTepua-
JIAMHU TIOJIOXKUTENBHBIX 3JICKTPOJIOB.

B orpunarenbHBIX 3ME€KTPOAAX pas3psAHas eM-
kocth YHT moxer Obith Hmke (250 mMA-u/r [1])
cpaBuuBaeMoii (340 MA-u/r [2]) ¢ TakoBo# rpaduTa
WM IPEeBBIIIATh €r0 TEOPETUYECKYI0 eMKOCTh, paB-
uyto 372 mA-u/r [3]. PaspsmHas emxkocts YHT BO
MHOT'OM 3aBUCHT OT CTPYKTYPBI MOCIETHUX U CTPYK-
TYPHOH OPraHU3ALMH B JIMTHEBOW aKKyMYJIATOPHOU
cucreMe. B MHOTOCTEHHBIX yTJIEpPOAHBIX HAHOTPYO-
kax (MYHT), BepTUKaIbHO OPHEHTHPOBAHHBIX Ha
HUKEJIEBOM KOJUIEKTOpE B HAampaBlIeHHH HOHHOM
muddysuu, mocturaercs — paspsgHas — eMKOCTb
750 MA-4/r ipy TIIOTHOCTH TOKa 57 MA/T, B HeyIo-
psanoueHnbix ananorax YHT — 158 mMA-u/r [3]. Pas-
psinHas €MKOCTb OJHOCTEHHBIX YIJIEPOJHBIX HAHO-

tpyook (OYHT), mo mamueim [4], cocraBnseT
460 MA-u/r, YTO COOTBETCTBYET CTEXHOMETPUHU
Li; 23Cs. K coxanenunio, ux BBICOKAs pa3psiiHas eM-
kocth 1200 MA-4/r, KOTOpasi TepsieTcs mocie 3apsi-
JKCHUS B TIEpBOM LWKJIe (HeoOpaTumash €MKOCTB),
CBsI3aHA C Pa3BHTON MOBEpXHOCTHIO (350 cM?) u xa-
paktepHa mius OonpmuHcTBa YHT. YienbHas ewm-
KOCTh olleHuBaercsi crtexuomerpuen LiCg mist 3a-
kpeITeix OVHT, LiCg— mmst oTkphITHIX [5].

YHT B cocTaBe KOMITO3UTHBIX IMOJOKUTEIbHBIX
DIIEKTPOJIOB YJIyYIIAl0T MHOTHE CBONCTBA aKTHBHBIX
anekTpoaHblx Matepuanos. LiFePO, [6], LiCoO,
[7], V.05 [8]. TloBemmarorcsi MX BIEKTPOIPOBOJI-
HOCTB, ME30MOPHUCTOCTh, CKOPOCTHBIC XapaKTepH-
CTHKH, 3)HEKTUBHOCTH MUKITUPOBAHHS.

YausurensHast cnocobnocts YHT moBbmaTh
MEXaHMYECKOE CIIETIEHHE YACTHI[ aKTHBHOTO 3JIEK-
TPOAHOTO Marepuana [6] MokeT ObITh MMOJIE3HOHN MpH
HEOOXOJIUMOCTH YCWJINTh aJre3UOHHYIO0 TPOYHOCTD
DIIEKTPOAHBIX MAaTe€pHUanoB. B YacTHOCTH, B 3TOM
HYXXTAIOTCSI  DJICKTPOJIMTHYCCKHE TOHKOCIONHBIC
Cynb(pUIBl TEPEXOMHBIX METAIUIOB, KOTOPBIE MPH
JUTATENTFHOM [UKJINPOBAHHU B JINTHEBOM aKKyMYJIsi-
TOpE TEPSIIOT Pa3psAAHYI0 eMKOCTh U3-3a OCTIa0IeHUs
anre3un K momioxkke [9]. YriepomHsie MaTepuansi
U3 psna rpaduTOB, MEKTPOIUTHUECKH COOCAKICH-
HBIE C METAUTOCYNTB(GUIAMH, TOBBIIIAIOT AATe3HOH-
HYI0 TMPOYHOCTH MOCTACTHUX W 3HAYUTEILHO YyIIyd-
HIAIOT HMX DICKTPOXUMHUYCCKHE XAPAKTCPUCTHKH
[10, 11]. B mpomomkeHne BTHX HCCIEIOBAHUA B
JAHHOM paboTe IS CTAOHIU3AIMY SJIEKTPOXUMHUIe-
CKHX XapaKTePUCTHK TOHKOCIOWHBIX 3JEKTPOIHUTH-
geckux Co0, Ni-OumerammocymshuIOB B pemoKC-

© Amnocronosa P.JI., Konomoerr O.B., Hauunos M.O., Illembens E.M., DiexrponHas o6paborka marepuanos, 2014, 50(1),
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peakiuu ¢ JTUTHEM anpoOUpPOBAIU YIIEPOIHBIN Ma-
tepuai (YHT,) — MoaupuumupoBaHHbIe OKUCICHUEM
yriaepoaHbie HaHOTPYyOku. Tem cambIM ObLT MOMON-
HEH psI YIIAEPOTHBIX MarepHayioB, 3()(PEeKTHBHO
BIMSIONIMX HA paboTOCIIOCOOHOCTH ANEKTPOIUTHYE-
cKuX Me-cynb(uaoB B JTUTUEBBIX aKKyMYJIATOPHBIX
cUcTeMax.

METOJIMKA 3KCIIEPUMEHTA

B pabore nccnenoBanm MHOTOCTEHHBIE YTIIEPOJI-
Hble HAHOTPYOKH, CHHTE3MPOBAHHBIC KaTalUTHYE-
CKMM muposu3oM dtuieHa [12]. [Ipoxykr mpeacras-
nsieT co0oil YepHbI MOPOIIOK ¢ HACHITHOW IJIOTHO-
ctbio 25-30 r/nm°. BHemnHumii quamMerp HaHOTPYGOK
coctapnsier okoio 10-30 HM, yzaenbHas TOBEpX-
Hocts 230 MY/r. Mukpodororpadun YHT momyude-
HBI C TIOMOIIBIO 3JIEKTPOHHOTO MHUKpockoma JEM-
100 CXI1I.

bunapueie Co, Ni-cymsdpuasr (Co, Ni-S) u ux
kommo3utel ¢ YHT (Co, Ni-S, C) wmaccoit
1,0-1,5 mr/cm® monydanu Ha HepKaBeromiei cTamm
(1x1 cm) mapku SS (316 L) 5-050 An kommanuu
Dexmet corporation u3 BOAHBIX pacTBOPOB Cyib(da-
ToB Co?", Ni** B mprcyTCTBHM THOCYTB(ATA HATPHS,
r/n: MeSO,-7TH,O - 2,5; Na,S,03-5H,0 - 1,5;
Co?:Ni®* = 1:1. Jlns cHHTE3a KOMIIO3HTOB B JIEK-
TpouT 06beMoM 200 cM® BBOIHIIN JOIOIHUTEIBHO
0,5 r/n YHT. Ocaxnenue Benu mpu I = 20-22°C ¢
nepementinBanneM siexrponuTa (180 00./mMuH) mpu
karoaHo# momspusarun (iy = 1,0-1,5 MA/CMZ).

[Mony4yeHHbIC HA TOIOKKE KOMIAKTHBIC OCAIKH
cymwmu ripu 180, 300°C (7-10 1).

I'mopodobusie YHT npeasapurensHo ruapodu-
nu3upoBain. M3 MHOXecTBa crmocoOoB ruipoduiu-
3alMu yriiepoJHbIX MatepuanoB [13] BeiOpansl Tpu
crnioco6a okucienust YHT:

1) kunsuenue (2-5 4) B IUCTHILIMPOBAHHON BO-
ne;

2) obpabotka (2-5 4) B pactBope H,SO, (80%);

3) anoxnas ob6padortka (5—7 1) B pactBope H,SO,
(80%).

AHOJIHYI0 00pabOTKY OCYIIECTBIISUTA B CTCKJISH-
HOM cocye eMkocThio 200 cM®, HCIonB3ys KacceTy
C TPWKUMHBIM YCTPOWCTBOM, B KOTOPOW TOHKHM
cinoii YHT B mOpHCTOM MNOJUIPONUIEHOBOM 4YEXJIE
MPWKUMAIH K MJIACTHHE TEPMOPACIIUPEHHOTO rpa-
¢uTa W TMONAPU30BAIHM €r0 AHOJHO C THTAHOBHIM
MIPOTHUBOJIEKTPOIOM B TE€UEHHE S5—/ U MpPH IMOTEH-
muane 1,4-16 B ortnocutensro AgG/AQCIl-smekt-
poza.

DJIEKTPOXMMHUYECKHE XAPAKTEPUCTUKU HCCIIEY-
embix o6pasioB YHT u kommnosutoB Co, Ni-S, C
OTPEJENSUIA B MAKETHBIX JINTHEBBIX aKKYMYJISTOPaX
B rabaputax 2325 u B 3-3JIEKTPOIHON suciike ¢
Li-npotusosnekrponom u Li/Li*-amexrpogom cpas-
HECHUS Ha UCIIBITATEIILHOM CTEHJIE C MPOTrPaMMHBIM
obecrieueHueM. [IpOTHBOAIEKTPOIOM CITYKHWIIA TIIa-
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ctuna u3 jutus (1,0x1, 0x0,2 cm). MakeTs! u sueii-
KA 3alloJIHSUTA  DJIEKTPOJIMTOM:  JTHIICHKapOOHAT
(OK), mumerunkapoonat (JIMK), Merck B cootHo-
menun 1:1 mac., IM LiCIO, (fiomo6pom). Comep-
JKaHWE BOJBI B IPUTOTOBJICHHBIX allPOTOHHBIX JJIEK-
Tponmtax He npeBbimaer 0,006% mno wmeromy
K. ®umepa.

Pa3psigHO-3apsIHBIE XapaKTEPUCTHKN HCXOTHBIX
YHT, u ruapodunmusupoBanabix YHT, B peaknuu ¢
muTHEeM OBLTH OTpeeNieHbl B HaMa3HBIX AIIEKTPOIax
C aKTHBHOM Maccoil 3-5 mr/cm’ Ha ceTke u3 HepKa-
Betomed cramun 18H12X9T. B cocraB axkTHBHOM
Maccsl BBoawH 10% ¢ToprmiiacToBOTO CBSI3YHOIIETO
®4. COopKy MakeToB U sYEEK NMPOBOIWIN B Iepya-
TOYHOM OOKCe B aTMocdepe CyXoro aproHa.

DIEKTPOXUMUYECKUE XapaKTEPUCTUKU THAPODH-
nu3upoBaHHbIX YHT, cpaBHUBaIM ¢ TaKOBBIMH HC-
xoaueix YHT,. Pa3psanHo-3apsaiHbie XapakTepUCTH-
ku (Co, Ni-S, C)-351eKTpoJI0B aHATU3UPOBAIU B 3a-
BUCHMOCTH OT crioco0a rpadutuzaunu YHT,.

PE3VJIbTATBI 1 OBCYXJIEHUE

O BxmoueHnn YHT B snekrpoauTHueckue
(Co, Ni-S, C)-amexTpoabl B IIPOIECCe CHATE3A CY M-
U MO Pa3psAAHO-3apSIHBIM KPUBBIM pPEIOKC-peak-
muu (Co, Ni-S, C) ¢ mutuem, uaeHTHGUIUPYS 00-
nactb untepkaysiiuu autus B YHT. Tlpeasapurens-
HO OBUIM OTpe/esIeHbI pa3psaIHO-3apsaHbIC XapaKTe-
PUCTUKH  3JEKTPOXMMHUYECKOTO  B3aWMOJCHCTBUS
YHT c nutuem.

Paspsaono-zapsaousie xapakmepucmuxu YHT

HcxonHble MHOTOCTEHHBIE YIJIEPOAHBIE HaHO-
Tpyoku YHT, npencrasisiror coboil oOpazoBaHus C
MOJIBIM KaHaJIOM, BOKPYT KOTOPOT'O BUAHBI CIIOU PO-
cra yrnepoaa (puc. 1). Cpenn YHT, BcTpedaroTcs
OTKPBITBIE U 3aKPBITHIC 00PA3IIbI.

S nin
I

Puc. 1. MuxpodoTtorpaduss MHOTOCTEHHOH yTriepoaHON HaHO-
TPYOKH.
Hemoouguyuposannvie YHT,

Pazpsinnas emxocts YHT, B ankunkapOOHaTHOM
3JIEKTPOJIUTE B TEPBOM IUKJIE HAXOAWUTCS B PIAY
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Puc. 2. Kpussie auddepeHunanpHoi HHTEPKATSIIHOHHON eMKOCTH B 3aBUCHMOCTH OT motenimana. YHT, (&) u YHT, (6), moxudu-
IIMPOBAHHBIX KHTIAYEHHEM B IUCTUIITMPOBAHHON BOJIE, ipasp (MxA/em?): 1 - 50; 2 - 100.

snauenuit 700-2500 MA-u/r. Tok B mepBOM pasps-
HOM TIPOIIECCE PACXOIYETCs MPEUMYIICCTBEHHO Ha
00pa3oBaHUE MOBEPXHOCTHOMN IUICHKH CO CBOWMCTBa-
Mu TBepaoro snektponuta (SEI) B mporecce Boc-
CTaHOBJICHUSI aHUOHOB JINTUCBOU COJIM M aJKUJIKap-
OOHATHBIX pacTBOpUTelNel AnnekTponuTa. Ha mpots-
JKeHHH TepBhIX 5—10 IUKIOB MPOUCXOAAT TpaHC-
dhopmartis ¥ cTaOMIM3aIis MOBEPXHOCTHON 3aIIUT-
HOM IUIEHKU. B ganbHeHuX HUKIax pa3psaHas em-
kocth YHT, nepkurcs va yposae 90-160 mA-u/r. B
3IEKTPOAHOM paspsaHoM mnpouecce YHT, B unrep-
Bane 2,80-0,01 B oGHapyskeHBI CTalnuu, OTHOCSIIIH-
ecst k mporieccam: 1) o6pa3oBaHMs ITOBEPXHOCTHEIX
wieHok B uatepBaie 1,6—0,6 u BOau3u 0,3 B, xapak-
TEPHOTO IS DJIEKTPOIHBIX MATEPUAIIOB B aJKWII-
KapOOHATHEIX 3jeKkTposnTax [14]; 2) uaTepkamamum
omatus B YHT, B o0macTh  MHOTEHIIMAIOB
0,25-0,01 B. WueHTUGUIIMPOBAHO HECKOJIBKO CTa-
T BKJTIOYCHUA/IKCTpaAKIMU (MHTEpKaISAIMN/ IeuH-
tepkastnuu) autust B YHT/uz YHT,, moTeHmuass
pemokc-map kotopbix pasuel 0,21/0,23; 0,19/0,20;
0,14/016; 0,10/0,12 B. OHu moao0HBI OMpeeNicH-
ueiM B rpadute [10, 11]. Ha puc. 2a mokasaHsl Kpu-
BbIe TU(PepeHINANTEHON HHTEPKATSIMOHHONW EMKO-
ctu dQ/dE B 3aBucuMoOCTH OT moTeHIMana E, momny-
YeHHbIE M3 TallbBAHOCTATUYECKHUX DPA3PATHBIX KpH-
Boix Q-E mpu unTepkamsiuuu nmtus B YHTo. Ot
KPUBBIC SIBJISIOTCS aHAJIOTaMH  BOJbT-aMIEPHBIX
KPUBBIX M TOMOTAOT HUIACHTU(DUIIUPOBATH CTaIMiA-
HBIE TIEpeXObl B AIIEKTPOJHOM mporecce. Cramwii-
Hele niepexoasl B YHT, oOHapyXuBatoTCs IpH HU3-
KHX CKOPOCTSIX MPOLECCOB WHTEPKAIAIMH/ ICHHTEP-
KaJISIUU JTUTHUSL, KaK B Jpyrux uccinegoBanusx YHT
[1].
T'uopogpunusuposannvie YHT

YHT,, momudunupoBaHHBIE KHUIISTYCHUEM B JH-
CTWUIMPOBAHHOHN BOJIC, B IMEPBOM paspsjiec OTHAIOT
1780-1850 mMA-u/r, ob6ecrieunBas B 10-M mukie eM-
kocTh 70 MA-4/T B 061aCTH MTOTEHIINAIOB HWHTEPKA-
nstuy noHOB Jutust (puc. 26). [pu mnoTHOCTH pas-
psizHOro Toka 50 MKA/cM? He H4eTKO BBIPAXKEHBI CTa-
IUHHBIE TIepexoapl mpu moteHmmanax 022; 0,15 u

0,09 B (kpuBas 1 Ha puc. 20), IpH IIIOTHOCTH TOKa
100 mkA/cM? cTanuitnbie MIEPEeXO0/IbI HE TPOSBIISIFOT-
cs (kpuBast 2 Ha puc. 20).

O6pabotka (2 u) YHT, B pactope H,SO, (80%)
yIIy4IIaeT UX pa3psiIHO-3apsAHbIC XapaKTEPUCTHKH
(puc. 3). CrabumpHas €MKOCTH BO3pacTaer o
180-200 MA-u/r. ITnenkoobpasosanue vHa YHT, 3a-
BEpIIACTCs MPAKTHYECKH Ha epBoM IukIiIe (puc. 3a,
cpaBHeHue kpuBbiX 1 u 2, 3). Ctaguu HHTEPKAISAINN
Ha 10-M nukie HaONFOAArOTCS TIPH Pa3psTHOM TOKE
15 mKA/cm? (puc. 36, kpuBast 1) U He IPOSBISIIOTCS
mpu ()pasp = 50 m 100 MKA/cm® (kpuBbie 2, 3
puc. 30). [ToTeHmansl mieHKooOpa3oBaHus B Tep-
BOM IIMKJIE HAIJIAJHO TPEICTaBICHBI Ha KpUBOH 1
(puc. 3B).

Jlyumue pe3yabTaThl Aaja MOAUGUKALMS I10-
BepxHoctn YHT, mo mMerony aHOaHOWH 00pabOTKH
(7 v) B pactBope H,SO4 (80%) mpu moreHmname
1,5 B orHocurensro AQ/AgCl-anekrpona. ITlpu
AIIEKTPOXUMHYECKOM OKHCIICHUH YTIEPOJHOTO Ma-
TepHaia MPOUCXOAWT IepepacrpeneieHie mop Io
pasMepaMm. DIEKTPOXUMHYECKHE XapaKTEPHUCTUKU
TUIPOGUIN3UPOBAHHBIX 3TUM criocobom YHT, mo-
Ka3aHbl Ha puc. 4. B mepBoM paspsiae eMKOCTb IpH-
ommkaercs k 1000 MA-u/r, Ha BTOpPOM IIMKJIE OHA
paBusiercst 330 MA-4/T U cTaOUIM3UpyeTCs Ha Jecs-
ToM Ha ypoBHe 200 MA -4/t (puc. 4a).

MakcumanbHast akTHBHOCTB IIIEHKOOOpa30BaHUS
Ha noBepxHocTH YHT. npuxoauTcs Ha MOTEHIIUAIbI
1,20; 0,85; 0,30 B (puc. 46). Ha 10-m numkie ocy-
IIECTBJISACTCS TOJBKO MPOIECC MHTSPKAISLMS/TCHUH-
tepkassinus nutus B YHT, (puc. 4B), ¢hopmuposa-
HUC TIOBEPXHOCTHOW IUICHKH 3aBeprineHo. Cramuii-
HOCTB 3TOTO MpoLecca OTpakaeT puc. 4T.

Pa3zpsono-3apsonvie xapakmepucmuxu
(Co, Ni-S, C)-anexmpooos
(Co, Ni-S, O)-komnosumer ¢ VHT,,
euopoguauzuposannvimu 6 kunswet H,O
PaspsinHo-3apsansie xapakrepuctuku Co, Ni-S-
anekTpoaoB (puc. 5) ymydmaroTcs, Korma B HX CO-

cTaB aekTpoiauTudecku BBoaarcs YHT,, ruapodu-
TU3upoBaHHbIe B Kumsimien H,O.
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Puc. 3. Dnekrpoxumudeckue xapakrepuctuku YHT,, o6paboraHHbIx (2 q) B H,SO,4 (80%), B MaKeTHOM JIMTHEBOM aKKyMYJISITOPE:
(a) — paspsamHO-3apsHBIE KpUBBIE B 1-, 2-, 10-M MUKIAX; ipayp = 50 MKA/eM?, ([——l MKA/cM?; (6) — KpHBBIe ;[n(bq)epeﬁunanbnon
I/IHTCpKaJ'IHLII/IOHHOI/I/lIEI/IHTepKaJ'ISIHI/IOHHOI/I EMKOCTH, TIONydYCHHBIC H3 PHC. 3a, B 3aBHCHMOCTH OT DPa3psIHOTO Toka i (MKA/cM?):
1-15; 2 -50; 3 -100; (B) — kpuBble AUGDHEPEHINATEHON HHTEPKAISINOHHOM/ IeHHTepKAISHOHHON eMKkocTH Ha 1 1 10-M nukiax.
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Puc. 4. Dnexrpoxumuyeckue xapakrepuctikun YHT,, anomo oGpaGoransbix (7 4) B HSO, (80%) B MakeTHOM JIMTHEBOM aKKyMy-
astope: (8) — paspsaHO-3apsAHble KpuBbIe B 1-, 2-, 10-M HUKIAX; ipasp = 50 MKA/CM?, sapsn = 30 MkA/cM%; (6) — kpuBble auddepen-
[MaJIbHON MHTePKAILIIMOHHOM/ IeNHTEPKATSIIMOHHON eMKOCTH, MOJyUeHHBIe U3 pHC. 4a; (B) — KpuBble quddepeHInansHoil HHTep-
KaJSIMOHHOM/ enHTepKAIIIMOHHOM eMkocTr Ha 10-M 1mkie, nonydenusie u3 puc. 4a; kpusas 10; (r) — kpusas muddepenipans-
HOHM HHTepKASIMOHHON eMKocTH Ha 10-M 1mKIIe, moxydeHHas u3 puc. 4a; kpusas 10.
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Puc. 6. Dnekrpoxumuueckue xapakrepuctuku Co, Ni-S-anextpona ¢ VHT,, o6paboranusiMu kumsiuerrem B H,0O (2 1), B MakeTHOM
JIUTHEBOM aKKyMyisTope B 1-, 2-, 10-m mukiax: (a) — pa3psjHO-3apsIHbIC KPUBBIE: ipasp = 50 MKA/CM?, sapsn = 30 MrA/eM?; (6) —
H3MCHEHUE Pa3psHOA €MKOCTH C YHCJIOM LHUKIOB; (B) — KpuBble qubdepeHInaabHOi NHTEPKAIAINOHHON/ IeHHTEPKAISIMOHHON
€MKOCTH, MOJTy4eHHbIE [0 KPUBBIM pHC. 6a; (r) — kpuBble auddepennuanpHoil naTepKaminuonHoit emxoct B YHT, na 10-M mukie

(xpuBBIe 1 (i, = 50 MKA/cM?), 2 (ipasp = 13 MKA/eM?)).

OO0 3TOM CBUAETENLCTBYIOT KpUBBIE puc. 6. OHH
MOKa3bIBAIOT CHIDKeHUE HeoOpaTumoit emkocth (Co,
Ni-S, C)-anekrponor 1o 25-28% (puc. 6a), cradbu-
JIM3AIMI0 Pa3PsAHOTO MpoIlecca MpU UKIUPOBAHUN
(puc. 66), He3HAUMTETBHOE M3MEHEHHE OTAETBHBIX
CTaauil BIEKTPOAHOTO IMpolecca Ha npoTspkeHun 10

ukiaoB (puc. 6B). IloaTBepkIeHHEM BKIFOUYCHHUS
VHT; B Co, Ni-S-anekTpo/ SBasStOTCS KpUBbie Au-
(hepeHInaIbHON MHTEePKAISIIIMOHHONH eMKocTH 1, 2
(puc. 6r), Ha KOTOPHIX OOHAPYKEHBI CTAIHH BKIIIO-
yenuss YHT (Gosee yeTkue mpu HHU3KOM IIOTHOCTH
toka 15 MxAlem® — npu norenimanax 0,21;0,14;
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80%: (a) — craamiinble nepexobl B 061acTH uHTepKansuuy autus B YHT,; (6) — paspssHo-3apsaHble KPUBBIC, ipyp, = 50 MKA/cM®,

15apan = 30 MKA/cM.
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Puc. 9. Dnexrpoxumudeckue xapakrepuctuku (Co, Ni-S, C)-xkommoszuta ¢ YHT,, ruapoduin3upoBaHHbIME aHOTHOH 00pabOTKOM
(5 4) B pacrBope HyS0,80%: (a) — paspsamHO-3apsAIHbIE KDHBEIE, s, = 50 MKA/cM?, isapan = 30 MKA/cM; (6) — kpuBbIe aubdepenm-
QIIBHOIl HHTEPKAISIMOHHOM EMKOCTH, IOJTy4YeHHBIE 10 puc. 9a; (B) — H3MCHEHUE Pa3ps/IHOM EMKOCTH B 3aBUCHMOCTH OT IUIOTHOCTH
ToKa; (r) — cTajMiiHbIE TIEPEXObl B 00JaCTH MHTEpKasuy Juthst B YHT,.



0,10 B). OHu OTCYTCTBYIOT Ha aHAJOTHYHON KPHUBOMA
3 muddepennnansHoit paspsauoi emxocti Co, Ni-
S-anmextpoga. Ha Hell umeercs UMb CTaauiHBINA
anekrpoaHbiii nepexox npu 0,25 B, HaOmomaeMblit
takxke B Co, Ni-S-C-xkoMnosutre U ABISIOUIANCS
MPOSIBIICHUEM O00pa30BaHMs MMOBEPXHOCTHOW IIJICH-
ku. O6patumas emkocth Co, Ni-S-C-kommosuta B
1-10-x mukiax cocrasiser He MeHee 600 MA-u/r.
PaspsiqHO-3apsiiHbIiA TPOIIECC B KOMIIO3UTE CTAOM-
JU3UPYETCS HA 2-M IHKIIC.

®dazoo0pazoBanue B YHT, B cocTaBe KOMITO3UT-
Horo Co, Ni-S-C-anekTposa onpeaeneHo TaKke Mo
METOJly MEJJIEHHON IMKJIMYECKON BOJIbTaMIIEpO-
MeTtpud. Ha BonbpTaMmeporpamme, CHATOM B 001acTh
notennuanos 0,18-0,03 B (puc. 7), BbIsIBIEHBI CTa-
ouitHble Tiepexonsl mpu moreniuanax 0,17; 0,13:
0,06 B B unTepkanmsimonHom mpoiuecce u npu 0,08;
0,15 B — B meunrtepkansuuoHHoM. [Ipu nenHrepka-
TSI OHH TPYIHEE MPOSBIISTIOTCS.

(Co, Ni-S, C)-komnosumsr ¢ VHT,,
euopoguausuposannvimu ¢ pacmeope H,SO,

Onextpoxumuueckue xapakrepuctuku (Co, Ni-S,
C)-xomnozuta ¢ YHT,, runpodunnzupoBaHHBIMU
(5 4) B pactBope H,SO,480%, mokazaHHbIe Ha pucC. 8,
MOATBEPXKAAI0T OnaroTtBopHoe BiusHue YHT,,
BKITIOUEHHBIX 3JICKTPOJIUTHYECKH B COCTaB aKTHBHO-
r'0 3IEKTPOHOTrO MaTepuana (puc. 8a), mMOBEpXHOCTh
KOTOpPOTO XMMHYECKH OKHCIIEHa B PacTBOpE MHHE-
pajIbHOM KHUCIOTHI, HA CTAOMIBHOCTh IIUKIMPOBAHUS
KoMmo3uToB (puc. 86), Ha oOpaTuMoe mpeodpas3oBa-
HUE B pefoKc-peaknnu ¢ nutrueMm. Heobpatnmas em-
KOCTh He mnpeBbimaer 15% HCXOMHOW BeIMUYUHBI
1-ro nmkia.

(Co, Ni-S, C)-komnoszumor ¢ VHT,,
2UOPOPUAUSUPOBAHHBIMU AHOOHOU 00PAOOMKOLUL
6 pacmeope H,SO,

Paspsaguas emxocts (Co, Ni-S, C)-KOMIIO3UTOB B
ankuikapobonatHoMm snektponure ¢ YHT,, ruapo-
(UIM3NPOBaHHBIMU aHOAHOM 00pabOTKOM B pacTBO-
pe H,SO,, B 1-Mm ke npesbinraet 600 MA-u/r, He-
oOparuMasi eMKOCTh BO 2—10-M HHKIIAX COCTaBIISET
15% (puc. 9a,6). 3sMeHeHne pa3psagHOil eMKOCTH C
U3MEHEHUEM IUIOTHOCTH TOKa IPEJCTaBICHO Ha
puc. 9B, da3oBbie Iepexobl B 0071aCTH WHTEPKAIS-
muu yutha B YHT, B coctaBe kxoMmo3WTa — Ha
puc. 9r. B psiy 3HaUeHUI HHTEPKAISIMOHHOTO TOKa
15-100 MA/r pa3psaHas €MKOCTh HM3MEHSETCS B
npenenax 675-500 MA-4/r. [Ipu uHTepKaNAHMu Qa-
3000paszoBanue B YHT: B cocrae (Co, Ni-S, C)-
KOMITO3HTAa OCYIIECTBIIACTCS MpH moTeHnuanax 0,22;
0,17, 0,15; 0,11, 0,08 B.

Urak, obpabotka moBepxnoctu YHT,, npoBonu-
Masi TI0 METOY XUMHUECKOTO U AIIEKTPOXUMHUYECKO-
IO OKHCIICHHs ¢ 00pa3oBaHUEM KHCIIOPOJICOAEPIKa-
X (QyHKIMOHATIBHBIX TMMOBEPXHOCTHBIX TPYIII,
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CITOCOOCTBYET MOBBIIMIEHUIO O0PaTUMON HHTEPKAIs-
unoHHor emMkoct YHT, B pegokc-peakuuu ¢ IUTH-
em ot 3Hauenuit (90-160) MA-u/r 1m0 mHpEBBIIIAIO-
mux 200 MA-4/T B aIKAIKapOOHATHOM DIIEKTPOIIH-
Te. DIEKTPOIUTUIECKOE COOCaXJeHHEe OMMeTasuio-
cynbpuna (Co, Ni) ¢ YHT, sddextuBHO Bo3neii-
CTBYeT Ha OJIIEKTPOXUMHYECKHNE XapaKTEPUCTUKU
npoaykra curre3a Co, Ni-S, C-kommo3ura, siBIsiiO-
nrerocsi cMechio cynbhunos CogSg u NiS, momupo-
BanHoii YHT,. OOparuMas eMKOCTh KOMIIO3UTA
(550-600 MA-4/r) 3HAYUTETBHO MPEBOCXOIUT TAKO-
By10 uncThIX (03 YHT,) snexTpomuTnyeckux oume-
tayutocynbdunos (Co, Ni, S).

[Tpu paspsme Co, Ni-S, C-kommo3uta B JUTHE-
BOM MAaKETHOM aKKyMYJSTOpPE SJIEKTPOIHBIA IPO-
mecc B oomactu 2,80-0,01 B ocymecTBiaseTcs B Tpu
nocrieaoBaTenbHbie ctaauu: 1) penoke-peakiws Co,
Ni-S ¢ autuem (2,8-1,1 B); 2) oOpazoBaHue TmO-
BEPXHOCTHOH IUIEHKH B TPOIlECCe BOCCTAHOBIIECHUS
anektponuta (1,10-0,25 B); BO3MOXKHA 371€KTPOAI-
copbuus Li* na YHT, ¢ ydacTHeM HOBEPXHOCTHBIX
(GYHKIMOHABHBIX TPYIIT; 3) HHTEPKAISIHS JTUTHS B
VHT; (0,25-0,01 B) B cocTaBe KOMIIO3HTA.

DACKTPOIUTHICCKHE CYTh(UIBI IEPEXOIHBIX Me-
tajoB MeSy (Me = Fe, Ni, Co, Mo, 6umeraio-
Cynb(UIHBIC KOMITO3UIMUA) MOTYT OBITh HCIIOJIB30-
BaHBI B MOJIOKUTENBHBIX AJIEKTPOJaX JUTUEBBIX aK-
KyMYJISITOPOB M OTPULIATENLHBIX AJIEKTPOJaX JTUTHIA-
WOHHBIX  CHCTEM. AKKyMYJSITODHas  CHCTeMa
MeS,/Li pabotaet B obnactu Hanpsokenus 2,8-0,9 B
[9]. B mpemnoxxkeHHON Hamu 2-BOJBTOBOW JIMTHIA-
nonnoii cucreme (3,0-1,5 B) ¢ mHOJI0XKHTEIBHBIM
(LiMn,O4 mnu LiC00O,)-31€eKTpoIoM 3JIEKTPOIUTH-
yeckuit oumeramtocynbdun Ni, Co, S apdexTuBHO
UCITOJIb30BaH B OTPHIATEIbHBIX AyekTpoaax [15].
O6mactp 3neKTpoXuMHuUeckord akTuBHOCTH YHT
(MHTepKANAIHS/ ISUHTEPKATISLHS) HAXOIUTCS B PSLY
0,25-0,02 B oTHOCHTENBEHO JTUTHS H JIEXKHUT 3a Tpe-
nenaMu pabodero HampsDKEHUS YKa3aHHBIX aKKyMy-
JATOPHBIX cucTeM. CleayeT NOTYePKHYTh, YTO
Hawmu uccienoanuss YHT nanpasneHsl Ha nosryue-
HUe nokasareiabcTBa BKIoueHus YHT B ocagok Co,
Ni—S, MOCKOJBbKY HE BCE YIIIEPOJHBIE MATEPHUAIIBI
ANEKTPONUTHYECKU BKitouarotcss B MeSy. YHT He
paccMaTpuBarOTCsl KaK HUCTOYHHK JOMOJHUTEIHHOU
PaspsIHON €eMKOCTH KOMIIO3MTA 32 CYET WHTEepKas-
mun utuga B YHT. Ponms YHT BakHa M cOCTOUT B
noBblIeHny anre3nonHon crnocoonoctu Ni, Co, S,
C-xoMmio3uTa yJepKHBaThCS Ha METaJTHYECKON
MOJUIOKKE TPH I[HMKIMPOBAHUU B aKKyMYJISITODE.
[NoBsIeHne aare3uu CoCOOCTBYET CHIXKEHUIO TIO-
Tepu paspsaHoit emxoctu Co, Ni-S, C-anektpona
MIpH IHUKINPOBAaHUHM ¥ TIOBBIIIEHUIO pecypca aKKy-
MmyJistopa. [oBbIllieHHAsT aare3usi 0ObICHIETCS 0CO-
OCHHOCTSMH CHHTE3a DJEKTPOJUTHYEeCKHX Me-
cyashuaos [9].



Kpome toro, YHT, mnoBbIIalOT 3JIEKTPOHHYIO
MIPOBOJIMMOCTH AKTHBHOTO 3JIEKTPOJHOTO Marepua-
7a, MOJOOHO Tpadury, 3ICKTPOIUTHUYCCKHA BKIFO-
YEeHHOMY B 0CaJIOK CyJIb(Haa MepexoTHOTO MeTajia
[10, 11].

SAKJIKOYEHUE

Taxkum o0Opa3oM, CHHTE3HPOBAHHBIC DIICKTPOJIH-
tHueckue KoMmo3utel Co, Ni-6umeramtocynshumos
¢ rugpodunsaeiMu YHT, mpencrasisitorcs Gojee
MEePCIEKTUBHBIMU AJIEKTPOJAHBIMU MaTepuajaMud B
pEllOKC-peakuuu C JIUTUEM, YEM KOMIIO3UTHI CYJIb-
(UIOB TEpEeXOAHBIX METALNIOB ¢ rpaduramu
[10, 11]. Paspsamas emkoctb Co, Ni-S, C-
KOMITO3UTOB B JIMTUEBOM MAaKETHOM aKKyMYJATOpE
MPEBOCXOAUT TEOPETUUYECKYIO PAa3pPSAIHYI0 €MKOCTh
rpaduTa, HCIOJIE3YeMOTr0 B KOMMEPUYECKHUX IJINTHIH-
HOHHBIX OaTtapesx. MMeeTrcss BO3MOXKHOCTH Jajlb-
HEWILIEro COBEPIIEHCTBOBAHUS Pa3psAHBIX XapaKTe-
puctuk komno3utoB ¢ YHT, myrem ontumusauuu
COCTaBa JIEKTpOJIUTa ocaxaeHud. Kpome toro, cie-
Iyl JUTEpaTypHbIM PEKOMEHJALMAM, XapaKTepu-
CTUKH MOXXHO YJIyYIIUTh, HCIIOJIE3Ysl OoJiee KOpOT-
kne YHT.
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Summary

Electrolytic Co, Ni-bimetalsulfid composites with
hydrofillizated multiwall carbon nanotubes (Co, Ni-S, C)
seem to be more promising electrode materials in the
redox reaction with lithium than the composites of the
transition metal sulfides with graphites. Discharge
capacity of Co, Ni-S, C-composites in a model lithium
accumulator (550-725 mA-h/g) exceeds the theoretical
graphite discharge capacity of (372 mA-h/g) used com-
mercially in lithium-ion batteries.

Keywords: Co, Ni-bimetalsulfid, modification, multi-
wall carbon nanotubes, lithium accumulator.
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Multicrystalline Silicon Using NaOH-NaClO Solution
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Multicrystalline silicon surface texturing using the mixed etching solution of the sodium hydroxide
(NaOH) and of the sodium hypochlorite (NaClO) has been investigated. The reaction rate during the
texturing process is easier to control due to the presence of NaOCI as an oxidizing agent in NaOH
solution. The advantage of this etching is that the uniform mc-Si surface texturing with a low step
height and less grain boundary delineation can be obtained. The Mc-Si surface after NaOH-NaOCI
mixed etching with the 1:4 ratio in the case of 20% NaOH has the optimum light trapping effect. In
the case of the optimum etching condition, the average reflectivity for the textured surface of a large
area (156x156 mm?) mc-Si can be reduced to less than 10%.

Keywords: multicrystalline silicon, NaOH-NaOCI texturing, reflectivity.
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INTRODUCTION

Surface texturing plays a critical role in the
silicon solar cell performance, affecting both
reflectance and light trapping. Numerous techniques
for texturing monocrystalline or multicrystalline
silicon have been examined in the past decades. For
monocrystalline silicon, an isotropic etching by
alkaline solution such as sodium hydroxide (NaOH)
or potassium hydroxide (KOH) results in the surface
covered by pyramids, which can collect the reflected
light and trap the light inside the cells by repeated
reflections. As opposed to multicrystalline silicon
(mc-Si), which is today the dominant technology for
solar cells fabrication, this alkali texturing has little
usefulness and cannot generate sufficient effect due
to its inherently randomly oriented grains. Nowa-
days the industry-standard solution is an isotropic
etching with hydrofluoric acid (HF) and nitric acid
(HNO3). This etching process simultaneously
removes some saw damage and forms a scalloped
surface texture, and is fast enough to be performed
with an inline tool. However, its main drawback is
that both cell voltage and current do not
simultaneously maximize. The reason is that the
typical isotropic etching process still leaves residual
saw damage in the wafer, because a deeper etching
would result in a non-textured surface.

A new method has been developed recently for
mc-Si texturing [1], and isotropic etchants such as
NaOH and sodium hypochlorite (NaClO) solution
have been adopted. NaOH-NaClO texturing can
generate low mc-Si grain boundaries and thus has an
excellent isotropic etch characteristics to enhance
related solar cell parameters [2]. For the industrial
production of mc-Si solar cells, the NaOH-NaCIO
texturing can provide a convenient and low-cost
alternative [3]. In addition, sodium chloride (NaCl)
is the main reaction product formed during etching,

so there is no special requirement for the disposal of
the reaction product. However, NaOH-NaCIO tex-
turing is also having its inherent problems in the
photovoltaic application due to its polishing
effect [4].

The present paper reports the investigation of the
surface morphology and the reflectance of mc-Si
etched by NaOH-NaClO texturing method. Using
the optimum etching conditions of the NaOH-
NaOCI solution, the average reflectivity in the
wavelength range of 350-800 nm for the textured
surface of a large area (156x156 mm?) mc-Si can be
reduced to less than 10%.

EXPERIMENTAL DETAILS

Boron-doped p-type mc-Si wafers with the
resistivity of 1.0~3.0 Q/cm and the size of
156x156 mm? were used in the present study. The
etchant solution was heated with a temperature-
controlled hot plate. While texturing with the
NaOH-NaOCI solution, the concentration of NaOH
solution as well as the ratio of NaOH and NaOCI
(AR, 10.5%) varied. The key parameters as studied
here in the process steps of texturing with the
solution of NaOH-NaCl can be described as follows:
the ratio of NaOH and NaClO, the concentration of
NaOH, the etching time, and the temperature. The
temperature of mc-Si etching is an important
technology parameter, and it is maintained on 80°C
during the entire etching process. When the etching
temperature is lower than 80°C, the etch rate reduces
substantially. However, if the etching temperature is
higher than 80°C, the self-decomposition rate of
NaOH-NaOCI to O, and NaCl increases greatly [5].
The concentration of NaOH in the solution varied
from 5% to 40%, the ratio of NaOH:NaClO from 1:1
to 1.6, and the etching time from 5 to 20 min. After
finishing the texturing process, all Si wafers were
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analyzed with an optical microscope, and also the
etched-off thickness was calculated from the
standard gravitometry. The surface morphology was
observed by scanning electron microscope (SEM)
and the surface reflectance was measured using a
spectrophotometer.

RESULTS AND DISCUSSION

NaOH is a well-known anisotropic etchant
widely used for crystalline Si solar cell texturing and
in  Micro-Electro-Mechanical Systems (MEMS)
application, and NaOCI is a strong oxidizing agent
[4, 6]. The strong oxidation is equally effective for
all crystallographic directions. It has been assumed
that the mechanism of silicon dissolution is shifted
from the orientation-dependent process to the
isotropic “layer-by-layer” removal. The appropriate
ratio of NaOCI and NaOH in the etching solution,
therefore, makes the change of the behavior of
etching from anisotropic towards isotropic [7]. The
conventional alkali (NaOH or KOH) etching of as-
cut mc-Si wafers results in high steps between
successive grains, which may result in tailing off or
breaking of the metal lines in the metallization stage.
Smaller steps along the grain boundaries were
obtained using NaOCI-NaOH etching, because
lower anisotropy leads to a lower etch rate diffe-
rence between the differently oriented grains.

The etching process of NaOH-NaClO texturing
mc-Si is composed of two parts: oxidation and
dissolution. Firstly, NaClO is a strong oxidizing
agent that controls the oxidation rate, and SiO, is
produced on the surface.

NaClO = Na* +CIO",
CIO" +H,0=HCIO+OH",
Si+CIO™ =Si0, +2CI.

Secondly, NaOH controls the etching of the oxide
layer formed during the etching process. Namely,
the SiO, layer can prevent NaOH rapid anisotropic
corrosion.

NaOH = Na“"+OH",
SiO, + 20H™ =Si0s* +H,0.

The increase of the concentration of NaOH in
NaOH-NaOCI solution can enhance the etching rate
of the formed silicon oxide layer after the
dissociation of NaOCI in the solution. However, too
high concentration of NaOH solution will result in
the polishing of mc-Si surface due to the rapid
etching of the produced oxide layer. In order to
minimize the impact of grain boundaries on the
surface texturing, the mount of NaOH in NaOH-
NaOCI mixed solution should be maintained at a
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reasonable value, which does not hinder the etching
of the oxide layer produced by NaOH. A large
proportion of NaClO in the mixed etchant will
results in a large amount of the saw damage marks
in the surface of the mc-Si wafers. It takes a long
time to remove the damage marks, which ultimately
affects the rate of industrial production. If the
proportion of NaClO in NaOH-NaOCl mixed
etchant is lower than a specific value, then NaOH
plays the role of the rapid polishing rather than
texturing. The etching time is one of the parameters
that affects mc-Si surface morphology. When the
etching time increases from 5 to 15 min in the case
of texturing with NaOH (concentration varied from
5% to 40%) with different ratios of NaOH:NaOCI
(from 1:1 to 1:6), the observation with an optical
microscope indicates that the surface structures are
not yet satisfactory. The etched-off thickness in
almost all samples was not more than 10 um after
15-min etching. A layer with the thickness of at least
10 um should be removed before subjecting the
silicon wafers to cell processing for proper cleaning
and saw damage marks removal from the Si surface
[8]. Therefore, in the present study, the etching time
was fixed for 20 min for NaOH-NaOCI etching at
different experimental conditions.

Figure 1 shows SEM micrographs of the textured
mc-Si surfaces etched in NaOH:NaOCI 1:1
solution with various NaOH concentrations (5%,
10%, 15%, 20%, 25% and 40%). When NaOH
concentration is low, the etching of the mc-Si
surface is not very sufficient, as shown in
Figs. 1(a)-(c). With the increase of NaOH
concentration, the etching rate of NaOH on the oxide
layer formed after the dissociation of NaOCI
enhances rapidly. However, too high concentration
of NaOH in NaOH-NaOCI solution can cause the
polishing effect on the Si wafer, as shown in
Figs. 1(e) and 1(f), which results in the flattening of
the mc-Si texturing surface. The surface morphology
shown in Fig. 1(d) indicates that 20% concentration
of NaOH in the etching solution of NaOH-NaOCI
with the ratio of 1:1 is suitable. When the ratio of
NaOH:NaOCI varies from 1:2 to 1:6, the changing
trend of the texturing surface morphology is the
same as that of 1:1 with the increase of
concentration of NaOH. Figure 2 shows SEM
micrographs of the textured mc-Si surfaces etched in
NaOH:NaOCI solution, with the different ratio (1:1,
1:2, 1:3, 1:4, 1.5, and 1:6) and the 20% concent-
ration of NaOH. When the NaClO ratio is small, the
polishing effect of NaOH is stronger than its
texturing effect, which leads to the flattening
surface, as shown in Figs. 2(a)—(c). A too high ratio
of NaClO can cause a large amount of the saw
damage marks in the surface of the mc-Si wafers,
which means that the texturing effect of NaOH:
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Fig. 1. SEM micrographs of textured mc-Si surfaces after etching in NaOH:NaOCI = 1:1 solution with NaOH concentrations of (a)
5%; (b) 10%; (c) 15%; (d) 20%,; (e) 25%, and (f) 40%.

G

Fig. 2. SEM micrographs of textured mc-Si surfaces after etching, with 20% NaOH concentration and NaOH:NaOCI ratio of (a)
1:1; (b) 1:2; (c) 1:3; (d) 1:4; (e) 1:5, and (f) 1:6.



NaOCI etching solution becomes weak within the
same etching time, as shown in Figs. 2(e) and 2(f).
Therefore, in order to obtain a uniform mc-Si
surface texturing with a low step height and less
grain boundary delineation, the most appropriate is
NaOH-NaOCI mixed etching solution with 1:4 ratio
and the 20% NaOH.
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Fig. 3. Reflectance of textured mc-Si surfaces using
NaOH:NaOCI = 1:1 etching solution with NaOH concentration
of (a) 5%; (b) 10%; (c) 15%; (d) 20%; (e) 25%, and (f) 40%.
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Fig. 4. Reflectance of textured mc-Si surfaces after etching with
20% NaOH concentration and NaOH:NaOCI ratio of (a) 1:1;
(b) 1:2; (c) 1:3; (d) 1:4; (e) 1:5, and (f) 1:6.

To compare the light-trapping effect on the
surfaces of mc-Si wafers etched with different
approaches, the surface reflectance was measured
after each etching. Figure 3 gives the reflectivity of
the textured mc-Si surfaces etched in NaOH:
NaOCI = 1:1 solution, with NaOH concentrations of
5%, 10%, 15%, 20%, 25% and 40%. With the
increase of NaOH concentration, the reflectivity of
the texturing surface first increases and then
decreases. When NaOH concentration is 20% in the
case of NaOH:NaOCI 1:1, the reflectivity is
minimal and its average value in the range of
350-800 nm is 13.1%. Figure 4 shows the
reflectivity of the textured mc-Si surfaces etched in
NaOH:NaOCI solution, with different ratio (1:1, 1:2,
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1:3, 1:4, 1:5, and 1:6) and the 20% concentration of
NaOH. With the increase of the ratio of NaOH:
NaOCl, the reflectivity of the texturing surface first
increases and then decreases. When the ratio of
NaOH:NaOCI is 1:4, the reflectivity is minimal and
its average value in the range of 350-800 nm is
9.5%. These results of reflectivity measurements are
consistent with SEM results. The reduction observed
in the reflectivity could be explained by a higher
roughness of the surface. The higher the roughness,
the higher the scattering and the lower the
reflectance. The polished surface tends to a higher
reflectance due to its lower light scattering. Mc-Si
surface after NaOH-NaOCI mixed etching with the
1:4 ratio in the case of 20% NaOH has the optimum
light trapping effect, and is suitable for achieving
higher efficiency of solar cells compared to that with
other etching condition.

CONCLUSIONS

In this work, multi-crystalline silicon surface
texturing using NaOH-NaOCl mixed etching
solution was investigated for solar cells fabrication
of a very large area (156x156 mm?). Compared with
the traditional acid etching of HF-HNO; the
reaction rate during NaOH-NaOCI texturing process
is easier to control due to the presence of NaOCI as
an oxidizing agent in NaOH solution. NaOH-NaOCI
etching can generate the uniform mc-Si surface
texturing with a low step height and less grain
boundary  delineation. Mc-Si  surface after
NaOH-NaOCI mixed etching with 1:4 ratio in the
case of 20% NaOH has the optimum light trapping
effect. In the case of the optimum etching condition,
the average reflectivity in wavelength range of
350-800 nm for the textured surface of a large area
(156x156 mm?) mc-Si can be reduced to less than
10%. Using NaOH-NaOCI etching solution, the
procedure of HCI disposal can be omitted, and the
production environment is greatly improved.
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Llens mccnenoBaHMs — W3y4YEHHE TEKCTYPHPOBAHMUS
MTOBEPXHOCTH TOJUKPUCTAIINIECKOTO KPEMHHUS, HCIIOb-
3ysl JUISl TPABJICHUSI CMEIIAHHBIA PacTBOP M3 THAPOKCHIA
marpust (NaOH) wu runoxmopura wmatpus (NaClO).
CKOpOCTh peakiiuy ObUTO TpoIe KOHTPOIUPOBATEH Oaro-
Japsi TPUCYTCTBHIO THUIIOXJOPUTAa HATPHs B KadecTBe
oxucnutens. [IpenMyImecTBo Takoro BuAa TPaBICHUS B
TOM, 4YTO MOXXHO JOOUTBCS OJHOPOJHOTO TEKCTYpH-
POBaHHMS ITOBEPXHOCTH MOJIMKPHUCTAIUTUUECKOTO KPEMHHS
C MEHbIIEH BBICOTOM CTYIEHM U MEHEE SIBHBIM OYEp4YH-
BaHMEM MEX3EpPEeHHBIX rpaHul. OnrtumanbHeId 3ddekT
CBETOBOTO KJarnaHa JOCTUTaeTcsi Ha IOBEPXHOCTH
MOJMKPHCTAJUIMIECKOTO KPEMHHUSI B PE3yJIbTaTe TpaBJie-
aus cmemanabiv NaOH/NaOCI pactBopoM B cOOTHO-
mennu 1:4, pu cogepskannu NaOH B pazmepe 20%. [pu
ONTHUMAIBHBIX YCIOBHUSX TPaBICHUS CPETHSS OTpa)kare-
JIbHAS CIIOCOOHOCTH TEKCTYPUPOBAaHHOW ITOBEPXHOCTH
MOJMKPHCTAJUINYECKOTO KPEeMHHUS OONBIION IUIOMaan
(156x156 Mm?) Moxer 65ITh 10% 1 MeHbIIe.

Knrouesvie cnosa: noaukpucmaniuueckuu KpemHui,
MeKCmypuposanue ¢  UCHOIb306AHUEM  PACMEOpA
NaOH/NaOCl, ompascamenvnas cnocobrnocme.



DJIeKTPOXUMHUYecKHe XapakTepuctuku LiMn,O,
B 2JIEKTPOJINTAX HA OCHOBE CMecell TeTPadTHJIEHTJINKOJIb
auMeTunJoBbIi d¢pup — LiBOB

H. U. I'no6a, B. /1. llpucszxnsiii, A. B. Iloranenko

Meaiceedomcmeennoe omoenenue snekmpoxumuveckotl anepzemurxu HAH Yipaunet,
6yn. Bepnaockozo, 38a, 2. Kues, 03680, Vrpauna, e-mail: gnl-n@ukr.net

IIpuBeneHb! pe3ynbTaTbl HCCIECIOBAHHS IEKTPOXMMHUYECKUX XapaKTEPUCTHK JIUTHH-MapraHLEBON
wnuHenn B anekrpoinTax LiBOB-rerpasTuieHrnukons 1uMeTHIoBEIH 3¢dup (TeTparianm) B 3aBHCH-
MocTH oT KoHieHTpaiuu LiBOB, Temneparyps! tukinpoBanus u xpanenus. CoriacHO pes3yibraTam
JIMTHI-MapratieBas NIMUHEIb B AJIEKTPOIUTaX Ha ocHOBe cMmeceil LiIBOB—terparium xapakrepusy-
€TCsl BBICOKOM yJIENIBHOW €MKOCTBI0 M CHOCOOHOCTBIO K YCTOHUMBOMY LMKIMPOBAHUIO B LIMPOKOM
Jana3oHe TeMIeparyp. DIeKTPOIPOBOIHOCTh PACTBOPOB OINPE/EISETCS KOHLIEHTPAMEH CON U JIH-
HeliHa B KoopauHarax ypaBHenus Dorens—Tammana—@Dyspuepa B uaTepBaie temueparyp 10-100°C.
HccnenoBanus npoBeAeHs! B ITape ¢ JIMTHEBBIM aHOJIOM B sTeiiKax TUCKOBOM KoHCTpykimu 2016.

Kniouesvie cnosa:. conv-conveamuule NleKmpoaumal, 3Jl€KmpOnp0600HOCmb, ANNeEKmMpoxumudeckas

CmMabuIbHOCb.

VK 544.6
BBE/IEHUE

Jlutuit-nuonusie akkymynstopsl (JIMA) oTHOCAT-
csl K Hau0oJsiee MHTEHCHBHO Pa3BUBAIOILUMCS aBTO-
HOMHBIM HCTOYHHUKAM SHEPIHHU, MOCKOJBbKY HMEIOT
PSA CYLIECTBEHHBIX NMPEUMYILECTB MO CPABHEHUIO C
JPYTUMH 3JIEKTPOXMMUYECKUMH cuctemMamu. OnHa-
KO BOIIPOCHI COXPAHHOCTH, TIOBBILICHHUS KCILTyaTa-
LUOHHBIX XapaKTEPUCTHK W CHUKEHHUS CTOUMOCTH
JIMA ocTtaroTcst JOCTaTOYHO aKTyalbHBIMU. Ocoboe
MECTO OTBOJAUTCS pa3paboTKe 3JEKTPOJIUTOB, CIIO-
COOHBIX YIOBIIETBOPUTH TaKUM TPEeOOBAaHUSIM, KakK:
YCTOMYMBOCTD B LTMPOKOM HHTEPBAJIE TEMIIEPATyp U
IUAlla30HOB  INOTEHIMAJIOB  3JIEKTPOXMMUYECKOH
CTaOMIBHOCTH, 3JIEKTPOIIPOBOJHOCTH, BBICOKOH CO-
xpanHocTH 3apsga JIMA. Ilpu sTom Oosbmioe BHH-
MaHHE YAEISIETCS TEeMIIEPaTypHOH M 3JIEKTPOXHMHU-
YECKOW CTaOMIBHOCTH, OOECTIEUEeHHI0 COOTBETCTBY-
IOLIETO YPOBHSI 3JIEKTPOIIPOBOJHOCTH, & TAaKXKE BbI-
COKOIl COXpaHHOCTH 3apsiia akKyMmyJyisiTopoB. Hema-
JIOBKHYIO POJIb WIPaeT IeHa KOMIIOHEHTOB, BXO-
JSIIIUX B COCTAB 3JIEKTPOJIUTA, a TAKXKE WX IKOJIOTHU-
yeckas Oe3omacHocTh. Kak mpaBmiio, B COBpeMEH-
HBIX UCTOYHHMKAX TOKa 3JEKTPOIUTOM CIIyXaT aIpo-
TOHHbIE PACTBOPHUTENH, COCTOALINE M3 CMECH LIUK-
JMYECKUX W JIMHEHHBIX KapOOHATOB WM 3(HUPOB, B
COCTaB KOTOPBIX BXOIUT OJHA U3 COJEH JIUTHA —
L|PF6, LIN(CF3802)2, L|BF4, L|C|O4 [1—3] OZ[HaKO
TaKkue HJIEKTPOIUTHl BO MHOTOM HE OTBEYAKOT CO-
BpPEMEHHBIM TpeOOBaHMSIM, IOCKOJBKY HE olecrie-
YUBAIOT HEOOXOAMMOTO YPOBHS O€30MMaCHOCTH U
BBICOKHX JJIEKTPOXUMHUYECKHX XapaKTEPUCTHK JIU-
THUH-MOHHBIX UCTOYHHKOB TOKa B LIMPOKOM [JHaIia-
30HE TEMIIepaTyp dKCIulyatanuu. B 3Toil cBsizu uc-
CJIETOBaHNS HOBBIX PaCTBOPOB 3JIEKTPOIMUTOB B Hape
C KaTOAHBIMH MaTepHajaMHi, UMEIOIIMMHU BBICOKHE

AQHOIHBIC MOTCHIMANbI 3apsiga (TaKUMH — Kak
LiMn,Qy, LiC0oO, LiIMNPO, u ap.), ABISIOTCSA BECh-
Ma aKTyaJbHBIMH.

DNEeKTPONUTHl Ha OCHOBE ANPOTOHHBIX PacTBO-
puteneil, ucnons3dyemeie B JIMA, cogepxar nutue-
BYIO COJIb, KOHICHTpAIUsI KOTOpO¥ Onm3ka k 1M.
Ilpu Takoi KOHIIEHTPAIMHM COJIH OOECIeINBACTCS
MaKCHMaJbHOE 3HAYCHHE DIIEKTPONPOBOTHOCTH. WX
CYIIECTBEHHBIH HETOCTATOK — OTHOCUTEIHLHO HU3KHE
3HAYEHUS TEMIepaTyp SKCIUTyaTallid W XpaHEHUS
JINA, xoTopsie B ocHOBHOM He mnpebimiaior 60°C. B
OTJINYME OT Pa30aBICHHBIX PACTBOPOB 3JICKTPOIIH-
ThI, COJCPIKAIIUE JIUTHEBYIO COJIb B 3HAYMTEIBHOM
KOHIICHTpAIMU U 00pa3yrolye B CMECH C alpoTOH-
HBIM PAaCTBOPHUTENIEM JUCOJILBATHI HJIH MOHOCOJIbBA-
ThI, XUMHYECKH U DIIEKTPOXUMHUYCCKH YCTOWYHBEI B
JIOCTATOYHO MIMPOKOM UHTEPBAJIC TEMIIEPATYP.

Panee Hamu ObUTO TIOKa3aHo [4], 9TO ByIEKTPOITH-
Thl Ha OCHOBE CMeECeil TeTpariMM—IIUTHEeBas COJb
XapaKTepU3yIOTCsl BHICOKOW TEPMUYECKOW YCTOWYH-
BOCTBIO. WX 3JEKTPONPOBOAHOCTh, AMHAMHYECKAS
BSI3KOCTh U TEPMHUUYECKAsl YCTOMYMBOCTH OINpPEICs-
IOTCSI TIPUPOJION aHWOHA JTUTUEBOW CONK U €€ KOH-
neHTpanueit B pacteope [5, 6]. ITokasano [6], uro
HanboJiee yCTOWYMBBIE PE3yNbTAaThl MPH TallbBAHO-
cTatuveCkoM nukaupoBanuu LiMn,O4 mosyveHs! B
anexrponure LiIBOB (murnii 6nc(okcamaro)bopar) —
TETPArJIHM.

HenmocTaTkoM COJTb-COJIBBATHBIX 3JEKTPOJIUTOB
SIBIISICTCS. WX OTHOCUTEIILHO HEBBICOKAs yIeNbHAs
3IIEKTPOIPOBOJIHOCTh, OCOOCHHO TPU HHU3KUX TEM-
neparypax. OTo OOYyCIOBICHO TeM, 4TO yJelbHas
EeMKOCTh M TOTEHIMAJbl 3apsa-paspsaa Cylie-
CTBEHHO 3aBUCST OT CONMPOTUBJICHUS 3JIEKTPOJIUTA B
MOPHUCTON CTPYKTYpE AJIEKTPOJa, MEKIIEKTPOIHOM
MPOCTPAHCTBE U Ha TrpaHmie pazaena ¢asz. CHibke-
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HUE KOHIIEHTPALMH COJM IIPUBOIUT K POCTY yIEllb-
HOMW 3JIEKTPOIIPOBOJHOCTH, HO BMECTE C TEM COIIPO-
BOXKIAETCSl CYXXCHHEM Juamna3oHa IOTCHLHAIOB
AIEKTPOXUMHUICCKON CTAOMIBLHOCTH W OOJACTH TIO-
BBHIIICHHBIX TEMIIEpaTyp SKCIUTyaTalud. B cBsi3u
9THM OTNpeNeNeHIe YCTOHUMBOCTH YAETbHBIX XapakK-
tepuctuk LiMn,O4 B 3aBHCHMOCTH OT KOHIICHTpa-
LU JINTHEBOH CONM B 3JIEKTPOJMTE BEChMa aKTy-
AIIBHO.

B mnacrosmeild pabore mpuBENEHB HEKOTOPHIE
(U3UKO-XMMHUYECKUE XaPAKTEPUCTUKH BICKTPOJIH-
TOB coctaBa LiBOB-reTpariuM u 3JIeKTpOXUMHYE-
ckue xapakrepuctuku LiMn,O, B 3aBuCHMOCTH OT
KOHIIEHTPALMK COJIH, TEMIIEpPaTyphl, INIOTHOCTH TO-
Ka paspsiza.

OKCITEPUMEHTAJIBHAA YACTb

JIns OpUTOTOBJICHUS PACTBOPOB DICKTPOIUTOB
HCIONB30BAIA CONK JIUTHS: OHC (TpHU(TOpMETaH-
cynbponnmuna) (LIN(CF;SOy);) umcrotoit 99,9%
(Aldrich), terparmum umctotoit 99,9% (Aldrich).
JIutuit 6uc(okcanaro)oopar (LiB(C,0,),) cunresn-
pOBalIK MO0 METOIUKE, MPEIIOKCHHOW HaMu B [7].
Meroa CcBOAMTCS K MHUKpPOBOJIHOBOH 00paboTke
TBepAo(da3Hoil cMecH maBeneBOi U OOPHOU KUCIOT
C COCIMHCHHWEM JIHMTHs. PacTBOpbI TOTOBWIIU Mpsi-
MBIM PAacTBOPEHHEM pPACCUYMTAHHOTO KOJIUYECTBA
JUTHEBOH COJU B COOTBETCTBYIOIIEM KOJUYECTBE
terparauMa rpu temmneparype (50-60)°C. Dnekrpo-
MPOBOIHOCTh ONPEACISIIM MYTEeM HM3MEPEHUS OMH-
YECKOTO COMPOTHUBICHUS JBYXAJICKTPOJHOU SUCHKH
C TUIATHHOBBIMH JJIEKTPOJAaMHU C HCIOJIb30BaHHUEM
Nmnenancmerpa 22000 (Poccust). DAEKTPOIUTHI U
STYEHKU M3rOTABJIMBAIIM B CYyXOM IEpYaTOYHOM OOK-
ce. MccnemoBaHusi OCYHIECTBISIH TMpH  (PUKCHPO-
BaHHOW TeMIeparype B KpHOCTaTe, CHaOKCHHOM
TEPMOPETYJISITOPOM U PTYTHBIM TEPMOMETPOM.

DJIEKTPOXUMHUYECKUE HCCICIOBAHUS TTPOBOIMIH
B sUeWKax ¢ TPeMsl AJIEKTPojJaMu: paboduMm, BCIO-
MOTraTeJbHbIM M CpaBHEHHs. Takke ObLIM HCIIOJb-
30BaHbI AJIEMEHTHI JUCKOBOW KOHCTPYKIUH B rada-
putax 2016.

Maccy ansi karoga TOTOBHIIM M3 CMECH, BKIIIO-
qaromeir LiMN,O4 ¢ 27eKTponpoBoHON 100aBKOM
(xapOoHM3HMpOBaHHAS caka) U TE(IOHOBBIM CBS3Y-
rorieM (P42J1) B coornomenun 80:10:10 (% macco-
BbIX). [loydeHHas kaTogHas cMech OblIa HaHECEHA
Ha CETKY U3 HEPXKABCIOLICH CTaH, BBIMOJIHSIOILYO
poib TokomoaBoa. [locne cyliku npu Temreparype
(120-125)°C B TeueHue 5—6 4acoB KaTOHBIN GIIOK
BHOCHWJIM B CyXOH aproHoBbIi Ookc. [ist pasneneHus
KaTOJHOTO W aHOJHOTO MPOCTPAHCTBA HCIOJIb30Ba-
JU TIONMIIPONWICHOBBIN cenapaTop Mapku Y OUM
(Poccus).

JluTueBbIf aHOJ| HANMPECCOBBIBAIUM HAa KPBIIIKY
snemenTa 2016.

31

Jnana3zoHpl MOTEHIUAIOB AIEKTPOXUMUYECKOU
CTaOMIILHOCTH DJIEKTPOJIUTOB ONpEACISIN B SUCH-
KaxX C IUIATUHOBBIM pabOYMM 3JIEKTPOJIOM U JIUTHE-
BBIMH JICKTPOAAMH CPAaBHEHHS ¥ BCIOMOTaTEIbHBIM
¢ momoibto noreHuuoctara P-30 (Poccust).

Monynu V3P 0.03-10 (Poccust) ObLIH MCIIONB30-
BaHbl TIPH TaJbBAHOCTATUYECKOM IHKIHMPOBAHUU
MaKETHBIX 00pas3IloB.

PE3VJIbTATBI 1 UX OBCYXX/IEHUE

3aBUCHMOCTD yJIENIBHOM 3JIEKTPOIPOBOAHOCTH OT
KOHIICHTPAIlNU M TEMIEpaTypbl, MOCTPOCHHAs B KO-
OpAMHATaX ypaBHEHHUS AppeHHyca JJisl JIEKTPOIIH-
ToB coctaBa LiBOB-terparmuMm, mokazaHa Ha
puc. 1. JlnmHa TUHEHHOTO yYacTKa 3aBHCHMOCTH
Ink — /T onpenenstercst kourentparmeii LIBOB u
COOTBETCTBYET OTHOCHTEIHHO HEOONBLIOMY AHara-
30HY KOHLICHTpPAIMU COJH B 3jekTponute (puc. la).
3aBHCHMOCTB, TIOCTPOCHHAS B COOTBETCTBHUH C ypaB-
HeaueM @orens—@ynpuepa—Tammana (puc. 10),
JMHEHHa B ITMPOKOM JHana3oHe TeMIlepaTyp M KOH-
mentpanuii LIBOB, uto xapakTepHO IS 3JIEKTPO-
JIUTOB C KBa3UKPUCTALINYECKOU CTPYKTYpPOIl.

MakcuManbHble 3HAYEeHUS YIEJNBbHOH BIEKTPo-
HPOBOIHOCTH K TIOJyYEHBI JJISI JJICKTPOJIHUTOB, KOH-
nentpanus LIBOB B xoTophix 6muska k 1,0M, u
cocrapisiiot: 2,8 MCm/cm mipu 25°C; 7,87 mCwm/cm
npu 60°C; 14,5 mCwm/cm mipu 100°C. TIpu yBenuye-
HHUH TEMIIEPaTypbl MAKCUMYM 3JICKTPOIPOBOTHOCTH
cMmemaercss B 00jacTe Ooyiee BBHICOKMX KOHIIEHTpa-
ui conu B snekrpoaute. [Ipu 60°C MakcuManbHOE
3nauenue x (8,25 MCM/cM) COOTBETCTBYET KOHIIEH-
tparu cond 1,25M, mpu 100°C makcumanbHas
anekTponpoBogHocts (16,56 MCm/cMm) — KOHICH-
tpauu LiBOB 1,7M. TMony4eHHble 3HaueHus odec-
MEYNBAIOT HEOOXOIUMBIH YPOBEHb JJIEKTPOIIPOBO/I-
HOCTH DJIEKTPOJIUTOB, a TaKK€ UX XUMHUYECKYI0 H
TEPMHYECKYI0 YCTOHYMBOCTH IPU OTHOCHUTEIHEHO
BBICOKHX TEMIIEPaTypax.

Terpariaum (TI') OTHOCHTCS K PacTBOPHUTEISIM C
BBICOKOI Temmepatypoii kunenus (275°C mpu nas-
nennn 760 MM pr. c1.) [8], a Temmeparypa paszioxke-
nust LIBOB cocrasiser 302°C [9]. TTosTomy cremy-
€T OXHIaTh, YTO AJIEKTPOJIUTHI Ha OCHOBE CMECH
LiBOB-TteTparniM Mo3BONAT 00CCIIECUYUTh BBHICOKUE
3HAYCHHUs TemImeparyp skciuryaranuu JIMA ¢ karo-
nmamu Ha ocHoBe LiIMN,O4. D10 moaTBepKmacTCS He
TOJBKO TIOJIyYCHHBIMH 3aBUCHMOCTSIMHU yJEIbHOU
3NIEKTPOIPOBOTHOCTH OT TEMIIEPATyphl, HO M IPO-
BEJICHHBIMH TEPMOTPaBUMETPHYECKHMH HCCIEI0BA-
HusAMH (puc. 2). [Ipu koHueHTpauuu conu 1M nepe-
ru6 Ha kpuBoi Tl HauWHAETCS TIPH TEMIIEpaType
(120-130)°C. TIlpu xonmentpaiuu LIBOB 2,3M
(0,4 monbHBIX nonun) meperu6 Ha kpuBoil TI' Haum-
Haercs npu (220-230)°C. D10 1MO3BOJSLET CUUTATS,
YTO YBEJIMUCHHE KOHICHTPAIUU COJIM HMPUBOAMT K
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Puc. 1. 3aBHCUMOCTb yIeIBbHOM 3JIEKTPOIPOBOIHOCTH AJIEKTPOIUTOB TeTpariuM — LiIBOB ot Temmepatypsl B COOTBETCTBHY: (a) — ¢
ypaBHeHHeM Appennyca; (6) — ¢ ypaBHeHuem Porensi—Pynbuepa—Tammana. 1 — 0,8M LiBOB; 2 - 1,4M LiBOB; 3 -2,3M LiBOB.
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Puc. 3. Boibr-amiepHbie XapakTepUCTHUKH, T0JIydeHHbIe Ha Pt anekrpose B anexrposiuTax LiBOB—rerparium: (a) — npu KOMHATHOR
temneparype u (0) — mpu 60°C. Konnentparus LiBOB: 1 -0,8M; 2 — 1,4M; 3 - 2,3M.

MOBBIIIEHUIO TEPMUYECKON YCTONUMBOCTH 3JIEKTPO-
JUTOB.

Ha puc. 3 mokasaHbl BOJTBT-aMIIEpHBIE 3aBUCHMO-
CTH 3JIEKTPOXUMHYECKOIN CTaOMIBHOCTH DJIEKTPONIH-
ToB. [loTeHIIMaNbl aHOAHOTO Pa3NIOKEHUS 3JIEKTPO-
JUTOB B KOHIIEHTPUPOBAHHBIX PACTBOPAaX BHIIIE, YEM
B pa30aBJIeHHBIX. DTO XapaKTepHO KaK Il KOMHAT-
HBIX, TaK ¥ JJIs TOBBIIIEHHBIX TeMIeparyp. 3Haue-
HUS TIOTEHIMAJIOB Hayaia Pas3lioKeHUs DIIEKTPOIIH-

TOB SIBJISIFOTCS TOCTATOYHBIMHU [Tl 0OeCieueHus pa-
OOTBI TAaKUX DJIEKTPOJAHBIX MAaTEPHAIOB, Kak
LiMn,0Q,4, HanpspkeHHe 3apsaa KOTOPBIX HAXOIUTCS
B uHTepBaje morennuanos (4,0-4,5) B.

UzeectHo [10], uro LiMn,O, yxe mpu oTHOCH-
TEIBHO HEBBICOKHMX Temreparypax (Boime 35°C) xa-
paKkTepu3yerca 3HAYMTEIbHOM TMOTEpPE €MKOCTH B
mporiecce MUKIUPOBaHUS U XpaHeHus. [lotepst em-
KOCTH B OCHOBHOM O0YCIIOBJIEHA PeaKIMeil JAUCIpo-
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Puc. 4. 3aBucumocts yzenbHO#i emxoctd LiMn,O4 oT HOMepa IuKia W IUIOTHOCTH TOKa: (a) — IMpH KOMHATHOW TeMIIEpaType;
(6) — npu 60°C. Konuenrparus LiBOB: 1 -0,8M; 2 - 1,4M; 3 - 2,3M.
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Puc. 5. Bausinue temMrepaTypsl Ha yzesbHble Xapakrepuctuki LiMn,O, B niporecce UMKIMpoBaHus (a) 1 3aBUCUMOCTb COXPAHHOCTH
sapsiza LiMNn,O, (6) npu temneparype 60° C. Dnexrponnt 2,3M LiBOB-rerparimm. Tok 3apsa-paspsiza — 100 MkA/em?,

MOPUUOHUPOBAHHUS, MPOTEKAIOMIE B COOTBETCTBUU
C YpaBHEHHEM:

2LiMn,0, « Li[Li,Mn, ]O, + Mn*.

B cBsI3M ¢ 3THM CoOJEp)KaHUE TPEXBAJICHTHOTO U
YETHIPEXBAJIEHTHOIO MapraHila B COCTAaBE IIIUHEIN
CHIDKAETCS, YTO MPHUBOIUT K MOTEPE YACIHHOU eM-
xoctd LiMn,O,.

st moseimenus crabunsaocta LiMn,O, B mpo-
[ecce IUKIMPOBAHHUS B COCTAaB JJIEKTPOJHUTOB, CO-
JepyKaluX JINTHEBbIe conik, Takue Kak LiPFg,
LiN(CF3S0,),, LICIO4, BBOmAT HE3HAYUTEIbHBIC
konuuecTBa LiBOB, 4ro mO3BONISET paCIIUPUTEH
JIMANA30H TEMIIEPATyp OSKCIUTyaTallid W XPaHCHUS
LiMn,0O,4 [11]. Kak mpaBwio, Takue SJIEKTPOIUTHI
COCTOST U3 ABYX M 00Jiee almpOTOHHBIX PaCTBOPHTE-
JIeH, BKITFOUAOIINX CMECh NUKIMYECKUX KapOOHATOB
U HENWHEeWHBIX 3¢upoB. OIHAKO IHAMA30H CTa-
OWJIbHOM PabOTHI IIMUHETH B TAKHX 3JICKTPOJIUTAX
orpanu4mBaetcs remmeparypoii 60°C [12].

IMonyyeHHBIE HAMH 3aBUCHMOCTH YJICIBHON eM-
kocTh Q OT IUIOTHOCTH TOKa MpH TeMIeparypax
25 u 60°C noxkaszansl Ha puc. 4. IIpu TemmepaType
25°C u miotHocTH Toka 100 MkA/cM? 3HaueHne Q
OnpenenseTcs YISNbHOH  3JEKTPOMPOBOIHOCTHIO
anekrpoiuTa. CHIDKEHHE 3JIEKTPOIPOBOJHOCTH C
YBEJIMYCHUEM KOHIICHTPALIMU COJI BEIET K YMEHb-

mennto Q. B COOTBETCTBUU C 3TUM yjAeIbHAs €M-
kocth LiMn,O4 B 0,08M pacteope LiBOB Bhime,
yemM B 1,4 u 2,3M pacrtBopax. Ilpu yBenmndenun
mIoTHOCTH Toka 10 500 MKA/cM? MakcHMAambHas
yAenbHas €MKOCTh HaOJIOJAeTCs B JJICKTPOIHUTE C
KoHIeHTpanuel conu 1,4M. Msl momaraem, 9To 3TO
CBSI3aHO C COIPOTHBIICHUEM TBEPIOIIEKTPOINTHON
mwienku (TOII), obpasyromieiics Ha MOBEPXHOCTH
anektpona. Ilpupona u tommuna TIII 3aBucat ot
CBOICTBA PAacTBOPUTENS U KOHIICHTPALIUU JTNTHEBON
COJIH, B JAHHOM CiTydae — oT KoHueuTparmu LiBOB.
OnHako JOKa3aTeNbCTBO TAKOTO IPEANOIOKECHUS
TpeOyeT MOMOJHUTEIHHBIX WCCIEIOBAaHUN U B ITOU
pabote He paccmartpuBaercs. llpm Temmeparype
60°C (puc. 46) 3HaueHHE YAEIBLHON €MKOCTH U €€
YCTOWYHMBOCTH B IPOLIECCE MUKIUPOBAHUSI C POCTOM
KOHIIEHTPAIINH COJIM YBEIHMYNBatOTCA. B anmexTponm-
Te ¢ KOHIEeHTpanuel conn 2,3M yIenbHas eMKOCTb
SIBIIIETCS. MakcUMaibHOW. [Ipu MOBBINIEHUU TeMIie-
parypbl 10 72°C (puc. 5) HabGmrogaeTcs He3HAUYH-
TEJIbHOE CHIDKEHHUE YJICIBHOM €MKOCTH IIMUHEIH.
Ymenbinenue Q HaOMIOMATN TaKkKe TIOCIEe XPAHCHUS
JJIEMEHTa B 3apsHKEHHOM COCTOSIHMH TIPU TeMIIepa-
type 60°C (puc. 56). OqHako B mpolecce LMUKIUPO-
BaHUS €MKOCTh IOBBIIIACTCS, XOTS M HE JOCTUTaeT
CBOCTO TEPBOHAYAILHOTO 3HaueHUs. HeobOxomammo
OTMETHUTB, YTO IMPOIECC 3apsiia MaKETHBIX 00pa3IoB
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snemedToB 2016 mpoBommiM TIpH  TeMITepaType
60°C. B Takux yCIOBHSX HUKIHPOBAHHS BEIHYHHA
YICIbHOW E€MKOCTH MOXKET TAaKKe 3aBHUCETh OT M3-
MEHEHHUH, KOTOpbIE TMPOUCXOJAT C MOBEPXHOCTHIO
JIMTHEBOTO JJICKTPO/a, KOTOPhIC CBA3aHbBI C M3BECT-
HBIMH TIPOIIECCAMH  PA3JIOKEHHsl JJICEKTPOJIHTA U
o0pa3oBaHus JICHIAPUTOB. VICHBITAHHUS C UCMOJIB30-
BaHUEM SUCEK, COJEpPIKAIIMX DJICKTPOJ| CPaBHEHUS,
MIOKa3aJid, YTO JIMTHEBBIH AJIEKTPOJ OCTACTCs CTa-
OWJIbHBIM TIPU IIMKJIHPOBAHUH SJIEKTPOJHOW CHCTE-
mel Li|LiIBOB-TG|LIMn,O; nake Tpu IMOBHIMICH-
HBIX TeMIIepaTypax.

BbIBO/IbI

1. HccmenoBaHa 3aBHCHUMOCTH YACTBHOW JJIEK-
TPOIIPOBOJHOCTH pacTBOpoB TerparauM—LIiBOB B
[IIMPOKOM JHMAara3oHe KOHIEHTPAIMN U TeMIIeparyp.
ITokazaHo, 4YTO 3aBUCHMOCTb YJEJIBHON 3IEKTPO-
IIPOBOJHOCTH OT TEMIIEPATYyphl SIBISAETCS JIMHEHHOU
B KoopauHatax ypaBHeHusi ®orens—Dynbuepa—
Tammana. MakcumanbHOE 3HA4Y€HUE YACJIbHOU
3JIEKTPONPOBOJHOCTH  KOJEONeTcsl B JMANa3oHe
(10°-10% Cwm/cM, 3aBHCHT OT TeMmiepaTypsl u
cauraercs ot 1M pacrtBopa npu Temmneparype 25°C
10 1,7M pacrtsopa ipu 100°C.

2. Tepmuyeckas yCTOWYHBOCTH 3JIEKTPOJIUTOB
BO3pacTaeT C MOBHIICHHEM KOHIIGHTPALUU COIH, U
mpu koumentpanuu LIBOB 2,3M TemmepaTypa wmc-
MapeHus TeTpariuMa NpuoImKaeTcs K TeMIeparype
Pa3IoXKEHHS COJH.

3. MeromamMu NOTEHIIMOAMHAMUYECKOTO ITHKITHU-
pOBaHUS OIpEETIEHbl NOTEHIMAIbl aHOJJHON YCTOM-
YUBOCTH JJIEKTPOJIUTOB M MOKa3aHO, YTO 3HAYEHUs
MTOTEHIIUAIOB JJIEKTPOXUMHUYECKON CTAaOMIHLHOCTH B
aHomHOHM oOjacTtu mpeBbimaioT 4,5 B u yBennunBa-
FOTCS C TOBBIIIEHHEM KOHIIEHTPAIHH COJIH.

4, Tloka3zano, yTo kKaToasl Ha ocHoBe LiMn,O,
CTaOWIIBPHO IUKIMPYIOTCS B DJIEKTPOIHMTAX COCTaBa
LiBOB—rerparnum B IIHPOKHMX AMAMa30HAX KOH-
LEHTpaLui CONM U TEMIIEPATyp, Jaxke IpU TeMIlepa-
typax Boire 70°C.

Paboma evinonnena npu unancosoli nodoepoicke
HAH Ykpaunur.
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Summary

The paper presents the results of investigation of elec-
trochemical characteristics of lithium-manganese spinel in
electrolytes  lithium  bis(oxalate)borate  LiB(C,04),
(LiBOB)-tetraethylenglycol dimethylether (tetraglyme,
TG). Dependence of its specific capacity and stability
within a wide range of temperature on the LiBOB concen-
tration has been investigated. The results obtained give
evidence that lithium-manganese spinel in electrolytes
based on the LiBOB-tetraglyme mixtures is characterized
by a high specific capacity and ability of stable cycling in
a wide temperature range. Conductivity of solutions is
determined by the salt concentration, and its temperature
dependence is linear in coordinates of the Fogel-
Tamman-Fulcher equation within the temperature range
10-100°C. Investigations have been performed using the
lithium anode in cells of the 2016-type disk construction.

Keywords: salt-solvate electrolytes, electrochemical
stability, conductivity.
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Effects of TiO, Particles Size and Heat Treatment on Friction
Coefficient and Corrosion Performance of Electroless
Ni-P/TiO, Composite Coatings
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Department of Materials Science and Engineering, Faculty of Engineering,
P. O. Box 76175-133, Shahid Bahonar University of Kerman, Jomhoori Blvd., Kerman, Iran,
e-mail: ehtesham@uk.ac.ir

The effects of the titanium dioxide (TiO,) particles size on the friction coefficient and corrosion per-
formance of the Ni-P/TiO, composite coatings before and after heat treatment at 400°C for 1h have
been investigated. Pin-on-disc analysis results have revealed that the highest and the lowest friction
coefficients belonged, respectively, to the simple Ni-P coating and the Ni-P/TiO, composite coating
containing TiO, particles of the average size of 0.1 um (u ~ 0.62 against 0.52). Eventually, a relative
reduction in the corrosion resistance and the friction coefficient (as low as p ~ 0.38) have been ob-
served after heat treatment of Ni-P and Ni-P/TiO, composite coatings.

Keywords: particle-reinforcement, friction, corrosion, EIS.

VK 621.7
INTRODUCTION

Electroless deposition, a long-used process, an
autocatalytic reduction of metals and alloys, is an
attractive and alternative method of producing coa-
tings with high Ni content; it has been known to
form a thin and uniform deposit on the substrate
when compared to electroplating [1].

The idea of codepositing various second phase
particles in electroless nickel matrix and thereby
taking advantages of their inherent uniformity, har-
den ability, wear and corrosion resistance, has led to
the development of electroless nickel composite
coatings. Many composite coatings are characterized
by an amorphous or crystalline nickel matrix into
which oxides such as NiO, Sc,0;, Fe,03, RuO,,
Al,Ozand TiO, are incorporated [2, 3]. Other chemi-
cal compounds can also be codeposited with the
nickel matrix, e.g. SiC, BN or PTFE [4, 5].

Incorporation of nano-sized particles within Ni-P
autocatalytic coatings has greatly improved their
properties thus imparting new functional features to
the coating performance, which finally has widened
their application in different fields. One of those par-
ticles, TiO,, has attracted tremendous interest in the
research community due to its wide application in
engineering [6]. This material is widely used be-
cause of its high refractive index [7]. However, so
far little attention has been paid to the incorporation
of TiO, nanoparticles in the Ni matrix [8]. Compo-
site coatings of the Ni matrix with a stable inorganic
TiO, oxide offer the synergistic advantage of the
metal matrix that is conductive and corrosion re-
sistant and the oxide, which may enhance the corro-
sion and wear resistance or catalytic properties of
the system [9]. In composite materials, the TiO,
phase, with its high strength and high hardness, can

serve as an effective reinforcement to strengthen the
composite and increase its hardness and wear re-
sistance. The Ni-P plates containing TiO, composite
have improved physical-chemical characteristics
[10].The right configuration of the size, morphology
and structure of the TiO, nanoparticles should be
specified for every particular application.

The given paper considers a very important ef-
fect of adding second-phase particles into simple
electroless coatings and partially fills the gap in the
insufficient number of investigations on the effect of
the second-phase particle size and of heat treatment
on wear and corrosion performance of composite
coatings.

EXPERIMENTAL DETAILS

Preparation of substrate

Mild steel specimens (5 x 2 x 0.5 cm®) were used
as substrates of electroless Ni-P coatings. The sam-
ples were polished by successive emery papers (grit
numbers: 120, 500, 1000 and 2400). Having been
cleaned by distilled water and ethanol for removing
any pollution, the specimens were soaked in acetone
for 30 minutes. The procedure was followed by im-
mersing the specimens in the sulfuric acid solution
for 30 seconds in order to activate the samples sur-
faces. All chemicals were of the analytical grade
(Merck).

Plating bath and coating process

The compositions of electroless baths are given
in Table 1. Magnetic stirrer was used to get uniform
suspension of particles in the solution. In each case,
250 mL of suspension containing Ti particles and an
optimized amount of the anionic surfactant sodium
dodecyl sulfate (SDS) [11] were stirred for 12h on a

© Elina Esmaeel Nad and Maryam Ehteshamzadeh, Dnexrponnas o6paborka marepuanos, 2014, 50(1), 45-50.
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magnetic stirrer to improve wettability of the parti-
cles. The TiO, powder was added to the composite
coating bath, separately, in three average sizes:
20 nm, 0.1 um and 0.3 pum, which, respectively,
leaded to the composite coatings with symbols D1,
D2 and D3 thereafter. As to D, it showed a simple

Ni-P coating.

Table 1. Simple and composite coating bath composition
and operating conditions for electroless coating

Composition Simple Ni-P Ni-P/TiO,
bath bath
NiSO, - 6H,0 (g/L) 21 21
NaH,PO, - H,0 (g/L) 25 25
Lactic acid (mL) 24 24
Propionic acid (mL) 3 3
TiO, (g/L) - 2
Pb acetate (g/L) 0.004 0.004
Thio urea (g/L) 0.002 0.002
Surfactant (g/L) - 0.2 (SDS)
Temperature 89+ 2°C 89 + 2°C
pH 46+0.2 46+0.2
Duration(min) 40 40
Heat treatment

To study the effect of heat treatment on the pro-
perties and structure of the composite coatings, the
samples were subjected to the annealing heat treat-
ment. This was carried out in an argon atmosphere
furnace at 400°C for 1h. The samples were allowed
to cool in the furnace after the heat treatment.

Equipment

Scanning electron microscope (SEM) CamScan
MV2300 was employed to study surface morpholo-
gies. Also, the deposits compositions were analyzed
by the energy dispersive X-ray (EDX) analyzer. The
X-ray diffraction (XRD) analyzer equipment
(Philips, Xpert, Cu K, radiation) with X’pert
Highscore 1.0d software was used for detecting the
phases. Microhardness of the Ni-P based coatings
was measured using a microhardness equipment
(Struers Duramin, Denmark), with a diamond pyra-
mid as an indenter and 50g load, 15s loading dura-
tion and five trials per each sample.

Electrochemical measurements were done using
an EG&G Potentiostat/Galvanostat Model 263A
accompanied with a frequency response analyzer
Model 1025. A classical cell of three-electrodes was
employed: a platinum electrode was a counter elec-
trode, a saturated calomel electrode (SCE) was a
reference electrode and the samples with an exposed
area of 1 cm? were working electrodes. The poten-
tiodynamic polarization curves were recorded in the
range of -0.4 to 0.4 vs an open circuit potential with
the scan rate of 1 mVs™. Electrochemical impedance
spectroscopy (EIS) measurements were done in the

frequency range of 100 KHz-10 mHz and the per-
turbation amplitude was 5 mV. Aqueous solution of
3.5% NaCl was used as the corrosive media in elec-
trochemical tests.

Friction and wear performance were studied
using pin-on-disc equipment interfaced with a data
acquisition system. For all tests, the sliding velocity
was fixed at 0.024 m/s and the sliding distance was
100 m. The load applied was 10 N. No lubricant was
used during the test. The pins were made of steel
with hardness of 62 RC.

RESULTS AND DISCUSSION

Morphology and microstructure

Fig. 1(a—d) exhibits the SEM images of the com-
posite coatings containing TiO, particles in different
sizes. It can be seen that there are many spherical
protrusions over the surface. It was observed that
when increasing the size of TiO, particles, the coa-
tings surfaces became softer and smoother. This can
be interpreted by a higher agglomeration of small
TiO, particles in D1 and D2 composite coatings,
which led to a rougher surface.

(©) (d)
Fig. 1. SEM micrographs of electroless Ni-P and Ni-P/TiO,
composite coatings; (a) D, Ni-P coating; (b) D1, Ni-P/TiO, in
average size 20 nm; (c) D2, Ni-P/TiO, of average size 0.1 pm;
(d) D3, Ni-P/TiO, in average size 0.3 um.

Fig. 2 shows a typical EDX spectrum of the
composite coating D2. Similar results were observed
for the composite coatings D1 and D3. Chemical
compositions of the composite coatings are listed in
Table 2. Incorporated TiO, particles in the Ni-P
matrix for the composite coatings D1, D2 and D3
were found to be 2.9, 3.4 and 2.2 wt. %, respective-
ly. It is obvious that the most incorporated amount
of the TiO, particles was in the composite coating
D2. In general, the incorporation of second phase
particles in electroless Ni-P matrix depends on two
factors: particles impingement on the electrode sur-
face and the remaining time of the particles on the
electrode surface [12]. Lower incorporation of the
averagely sized — 20 nm and 0.3 um, TiO, particles



in composite coatings D1 and D3, respectively, can
be ascribed to either a relatively small or very large
size of the particles, which are believed to be swept
away from the surface, as compared to the particles
in the averagely sized (0.1 pm) D2. Despite the
presence of the surfactant SDS, another inevitable
fact is agglomeration of nano-sized particles, which
most probably occurres in the composite coating
containing TiO, particles of the average size 20 nm,
asis D1.
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Fig. 2. Typical energy dispersive X-ray analysis of electroless
Ni-P/TiO, composite coating containing TiO, particles of
average size 0.1 um.

Table 2. Composition of electroless Ni-P and Ni-P/TiO,
composite coatings
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Type of TiO, particles Ni P TiO,
coating average size (Wt.%) | (wt.%) | (wt.%)
D) - 89.1 10.9 -
Ni-P
D1) 20 nm 86.9 10.2 2.9
Ni-P/TiO,
D2) 0.1 um 87.0 9.6 3.4
Ni-P/TiO,
D3) 0.3 um 87.6 9.5 2.2
Ni-P/TiO,

XRD patterns of the electroless Ni-P and
Ni-P/TiO, composite coatings, before and after heat
treatment, are shown in Fig. 3. The amorphous na-
ture of the electroless Ni-P matrix was evidenced in
which crystalline TiO, particles are embedded. In
the composite coatings, apart from a single broad
peak corresponding to the amorphous Ni (111) plane
at 45°, there are low intensity peaks of TiO,. After
heat treatment, rapid transformation, from a disor-
dered to an ordered arrangement, in the structure of
the electroless Ni-P coatings of NisP, NisP,, Ni-ps
which resulted in several sharp peaks in the X-ray
diffraction pattern.

Wear behavior

A tribological contact of solid bodies results in
two major phenomena: friction and wear. Abrasion
test results of simple and composite coatings are
presented in Fig. 4. The Ni-P/TiO, composite coa-
tings showed improved wear resistance compare to a
simple Ni-P deposit, with a friction coefficient
(W) ~ 0.62. Among the composite coatings, D2
showed the lowest friction coefficient (~ 0.52)

which led to the best abrasion resistance. This could
be explained by the amount of adsorbed TiO, parti-
cles in the deposit (3.4 wt.%), as evaluated by the
EDX analysis. A higher percentage of the powder
resulted in a reduced wear between the coating and
the pin, thus enhancing the abrasion resistance of D2
in comparison with the other two composite coa-
tings. The Friction Coefficients of D1 and D3 were
estimated as ~ 0.55 and ~ 0.58, respectively.
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Fig. 3. XRD patterns of as-plated and heat treated Ni-P and
typical Ni-P/TiO, composite coating containing TiO, particles
of average size 0.1 pm.
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Fig. 4. Friction coefficient vs sliding distance of electroless Ni-P
and Ni-P/TiO, composite coatings; D) Ni-P coating,
D1) Ni-P/TiO, of average size 20 nm, D2) Ni-P/TiO, of average
size 0.1 um, D3) Ni-P/TiO, of average size 0.3 pum.



Fig. 5 displays Vickers microhardness values for
as plated and heat treated electroless Ni-P and
Ni-P/TiO, composite coatings. As is evident, in-
crease in the size of TiO, particles led to a higher
coating hardness. It can be recalled from the EDX
analysis (Table 2) of the coatings that the amounts of
phosphorus present in D, D1, D2 and D3 coatings,
which is a crucial parameter in the electroless Ni-P
plating, were 9.29, 10.2, 9.6 and 9.5 wt.%, respec-
tively. It is clear that the larger the size of Ti parti-
cles, the smaller the amount of the deposited phos-
phorus. Because of the fact that phosphorus phase is
a type of a soft phase, it affects the surface micro-
hardness and can lead to smaller hardness values of
the deposits. When electroless coatings are heated at
a suitable temperature, formation and precipitation
of the intermetallic NisP, NisP,, Ni-P3; phases occur,
which act as barriers for dislocations movement,
thereby hardness goes on increasing. This unique
property of electroless alloys led to an extremely
wide exploitations of such coatings for applications
requiring wear and abrasion resistance.

® Before heat treatment
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As it is clear from Fig. 6, heat treatment affects
the coatings abrasion behavior. A relative reduction
of the friction coefficient values was observed after
heat treatment. This can be accounted for by the cre-
ation of hard phases, such as NisP, after heat treat-
ment, which led to higher hardness values of coa-
tings and therefore wear resistance. Besides, as was
the case before heat treatment, the lowest friction
coefficient is that of D2, which is as low as 0.38.

Corrosion performance

Fig. 7 shows polarization curves of electroless
Ni-P and Ni-P/TiO, composite coatings containing
TiO, particles of different sizes in the 3.5% sodium
chloride solution; Table 3 lists their polarization pa-
rameters. It can be seen that the corrosion current
density (i) for a simple electroless Ni-P coating
(D) is 2.04 uA/cmz, whereas iq Values for D1, D2
and D3 coatings are 2.54, 0.36 and 1.58 pA/cm?
respectively. Among the four composite coatings,
D2 showed the highest corrosion resistance. This
can be attributed to the appropriate incorporation of
Ti particles and their relevant distribution in the de-
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The lowest resistance was associated with D1
coating, which can be attributed to an effective ex-
posure of the metallic area to the corrosive media. In
D1 deposit, incorporation of extremely small TiO,
particles can result in augmenting the particles ag-
glomeration in the electroless bath and therefore in
the composite film. This can be due to a big surface
energy of ultrafine TiO; particles, which tends to pile
them up severely, despite the presence of an appro-
priate surfactant SDS. Hence, the probability of lo-
calized corrosion in the D1 deposit is even higher
than at a simple electroless plating.

On the other hand, more particle collisions in the
electroless bath in the process of making D3 coating
has led a lower content of TiO; in the deposit, thus
causing a lower corrosion resistance of the deposit
unlike the process in D2.

The impedance data of the coatings in the format
of Nyquist and Bode plots are shown in Fig. 8. The
results of the EIS studies also indicate a similar trend
in the corrosion resistance like that observed in po-
tentiodynamic polarization effects. The highest
value of Rp for the D2 coating also implied that this
type of a coating is more protective against corro-
sion, while the D1 deposit plot exhibited a low re-
sistance in contrast with other films.
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Fig. 8. EIS spectra of electroless Ni-P and Ni-p/TiO, composite
coatings in 3.5% NaCl aqueous solution; D) Ni-P coating,
D1) Ni-P/TiO, of average size 20 nm, D2) Ni-P/TiO, of average
size 0.1 um, D3) Ni-P/TiO, of average size 0.3 um.

Corrosion behavior of the heat treated electroless
coatings in the format of Nyquist and Bode plots are
shown in Fig. 9. Extracted results of the EIS analysis
are listed in Table 4. They are as follows: the highest
Rp value refers to the D2 composite coating; in addi-
tion, the highest and the lowest corrosion resistance

demonstrated D2 (icor = 1.419 A/cm?) and D1
(icor = 3.24 A/cmz), respectively. The heat treated
electroless Ni-P and Ni-p/TiO, composite coatings
exhibited larger i values than the equivalent as-
plated coatings. A higher corrosion resistance of as-
plated coatings may be attributed to their amorphous
nature. Amorphous alloys offer better resistance to
corrosion attack than the equivalent polycrystalline
materials because of the freedom from grain and
grain boundaries [9].
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Fig. 9. EIS spectra of electroless Ni-P and Ni-P/TiO, composite
coatings in 3.5% NaCl aqueous solution after heat treatment at
400°C for 1h; D) Ni-P coating, D1) Ni-P/TiO, of average size
20 nm, D2) Ni-P/TiO, of average size 0.1 um, D3) Ni-P/TiO, of
average size 0.3 um.

Table 4. Polarization parameters of electroless Ni-P and
Ni-P/TiO, composite coatings in 3.5% NaCl aqueous so-
lution after heat treatment at 400°C for 1h; D) Ni-P coa-
ting, D1) Ni-P/TiO, of average size 20 nm, D2) Ni-P/TiO,
of average size 0.1 um, D3) Ni-P/TiO, of average
size 0.3 um

Type of icorr Ecorr RP
coating (MA/cm?) (mV) (Qecm?x10%)
D 2.793 -495.0 0.889
D1 3.249 -485.8 0.867
D2 1.419 -546.2 1.586
D3 1.780 -551.3 1.235

After heat treatment, a mixture of crystalline
nickel and nickel phosphide is created, therefore
areas of different corrosion potentials are produced.
This may leads to the formation of minute ac-
tive/passive corrosion cells and consequently pro-
voke an accelerated attack by an aggressive medium.
The comparison of deposits demonstrates that the
composite coating with the 20 nm particle size of
TiO, has the lowest corrosion resistance, which is
even less than with a simple Ni-P coating.



Fig. 10 schematically compares the corrosion beha-
vior of the coatings before and after heat treatment.
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Fig. 10. Comparison in corrosion current densities of electroless
Ni-P and Ni-P/TiO, composite coatings before and after heat
treatment at 400°C for 1h; D) Ni-P coating, D1) Ni-P/TiO, of
average size 20 nm, D2) Ni-P/TiO, of average size 0.1 um,
D3) Ni-P/TiO, if average size 0.3 pm.

CONCLUSIONS

1. Heavier agglomeration of TiO, particles was
observed in the presence of 20 nm TiO, particles.

2. A larger and more uniform distribution of TiO,
particles were found in the Ni-P/TiO, composite
coatings containing TiO, particles of the average
size of 0.1 pum.

3. The highest and the lowest friction coefficients
were observed with the simple Ni-P and the
Ni-P/TiO, composite coatings containing TiO, parti-
cles of the average size of 0.1 um, respectively,
(1~ 0.62 against 0.52).

4. Heat treatment of the electroless Ni-P and
Ni-P/TiO, at 400°C for 1h caused lowering of the
friction coefficient, so that p arrived ~ 0.38 in the
electroless Ni-P/TiO, composite coatings containing
TiO, particles of the average size of 0.1 um.

5. A reduction in the corrosion resistance was ob-
served in the coatings after heat treatment.
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Pedepar

B paboTe paccMarpuBaeTcs BIHSHHE pa3Mepa YacTHIL
neyokucu tutana (TiO,) Ha kKo3QdUIHEHT TpeHHUs U xa-
PaKTEePUCTHKN KOPPO3UH MOKPBITHI M3 CIOKHOTO CIUIaBa
Ni-P/TiO, no u nocne TemnoBoit 06paborku npu 400°C B
TeyeHue 60 MHMH. AHaJIM3 Ha TPEHHE U M3HOC IO CXEMe
«IITAQT-TUCK» TTOKA3aJ, YTO HAMOOJBIINA U HAMMEHb-
it K03 HUIUEHTH TPeHHUS HAOIIOAAIICH IPH IPOCTOM
Ni-P mokpertnu u tipu ciioskaoM Ni-P/TiO,, ¢ gactuiamu
TiO; co cpemanm pasmepom 0,1 um (p ~ 0,62 B oTrume
ot 0,52). B meiicTBUTENBHOCTH, OTHOCHTEIHHOE yYMECHB-
LIIEHUE COMPOTHUBIICHHs KOPPO3uH U KoddduimeHra Tpe-
aust (mo p ~ 0,38) maGmomanoch mocie TEIoBoi obpa-
60tku mokperTuii kKak u3 Ni-P, tak u u3 Ni-P/TiO,.

Kniouesvie cnosa. ykpynnenue uwacmuy, mpeHue,
KOppO3usi, CNeKmpOCKONUsL 2NeKMPOXUMULECKO20 UMNe-
oanca.



3aKOHOMEPHOCTH JIEKTPOXMMHUYECKOT0 PACTBOPEHUS
cruiaBa JI-62 B xJ10puaHBIX pacTBOpax

9. B. Xo6orosa®, JI. M. Eroposa®, B. . Jlapun®, O. A. Benennesa®

4Xapvrosckuii HAYUOHATLHBLE AEMOMOOUTLHO-00PONICHBILL YHUBEPCUMENT,
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I/I3y‘l€H MCXaHU3M 3J'IeKTpOXPIMPI‘IeCKOI71 HNOHMU3AllMU U ITaCCUBAllUU JIATYHU JI-62 B XJIOpUAHBIX pacT-
BOpax pas3jingyHOTro COCTaBa. Hoxa3aH0, YTO DJICKTPOXUMHUYCCKOC PAaCTBOPCHUC CIlJIaBa JI-62 B KOHIIC-
HTPUPOBAHHBIX XJIOPUAHBIX PACTBOPAX KOHTPOJIUPYCTCA PIOHI/I33.IIHCI>1 €ro MCHHOﬁ KOMITOHEHTHI. Mcc-
JIEAOBAaHbI CCIICKTUBHOCTL PACTBOPCHUA KOMIIOHCHTOB JIATYHU JI-62 u MOIII/I(bI/IKaL[I/IH MOBCPXHOCTHU
CIJIaBa IPH DJICKTPOXUMHUYCCKOM TPABJICHUHN B XJIOPUAHBIX PACTBOPAX. HOKaSaHO, YTO paBHOMCPHOC
SJICKTPOXUMHYICCKOC PACTBOPCHUC (-JIATYHU MPOTCKACT B KHCIION Cp€ae B IPUCYTCTBUM MOHOB XJIOpa

u okucimrens Fed',

Kniouesvie crosa. JamyHb, UOHU3AYUA, mpaeuﬂbelﬁ pacmeop, CeleKmueHoCnb pacmeoperus.

YK 621.794.42:546.56
BBEJIEHUE

Bo3spacraromee npuMeHEHHE MHKPOIJIEKTPOH-
HBIX KOMITOHCHTOB B JJIEKTPOHHOH TeXHHKE 00y-
CIIOBJIMBACT PACIIMPEHUE CHEKTPa HCIOJIb3YEeMbIX
MEeYaTHBIX IJIaT. DTO CTaHAAPTHBIC IUIATHI VIS BbI-
BOJHBIX KOMITOHEHTOB, IIIATHI JUIS TIOBEPXHOCTHOTO
MOHTa)Ka, MOJIEMHbBIC IUIaThl IS TEPCOHAIBHBIX
KOMITBIOTEPOB, MYJbTUYHUIIOBBIE MOJIYJIH, BBICOKO-
YaCTOTHBIC TUIATHI, TUIATHI C ONTUYECKUM HHTEpdeii-
coM # T.a0. [1-5]. B TeXHOIOTHAX MX M3TOTOBICHHUS
NPaKTHYECKYI0 3HAYUMOCTh MMEIOT aHOJIHBIC MHPO-
[IECCHl C Yy4aCTUEM METAJUIOB, a UIMEHHO MEIU U ee
cIu1aBoB. V3ydeHne MeXaHM3MOB IPOIECCOB XHUMH-
YECKOT0 U AIICKTPOXUMHUYECKOTO PACTBOPEHHS MEIN
U e CIUIaBOB HEOOXOAMMO Ul YIPaBIICHUS KHUHE-
THUKOH, CEJIEKTHBHOCTBHIO TPOIECCOB TPABICHHUS H
MOBBIIICHHUS UX 3P PEKTUBHOCTH.

MexaHu3M aHOMHOTO PACTBOPEHHS O-JIATYHU B
XIOPUIHBIX CPelax PaccMOTpeH B paboTax [4—6].
ABTOpaMH ONHCAaHO HAYalbHOE CEJIEKTHBHOE pac-
TBOPEHHE [IUHKA, IPUBOJAIICE K CO3MAHUIO MOBEPX-
HOCTHOTO CJIOS, 00OTaIllEeHHOTO MeIbl0 C HepaBHO-
BECHBIMH BAaKaHCHSAMH. AHOJHOE PAacTBOPEHHE Kak
YHUCTOM MeIH, TaK U MEIU C MOBEPXHOCTH JIATyHU
nporekaer ¢ (GopMHpPOBaHUEM MPOYHBIX KOMILICK-
COB CuCI}]’n [7]. Obpasyrorumecs mpu UX qUCCoNUa-

MU HUOHBI CU+ BCTyr[aIOT B paBHOBeCHYIO pCaKI_[I/IIO
C MEOBIO;
Cu"+e« Cu

— U ONpeNeNsioT ee MOTeHIMAl B ciyuae marynu
NIOTEHIUATONPENENAONAs  Peakius HMMeeT HHOi
BUJI

Cu* +¢e < Cu’ (crm.),

rne Cu (crui) — aroMbl MEAM B TMOBEPXHOCTHOM
CJIO€ JIATyHH C TIOBBIINIEHHOW aKTHBHOCTHIO, 00pa3o-

BaBIIMECS B pe3yJIbTaTe CEICKTHBHOTO PAaCTBOPEHHUS
IIHKA.

Bcrie/IcTBHE MOBBIIEHHO#H akTHBHOCTH CU (Crin.)
CTaI[MOHAPHBIH MOTEHIMAN JIATYHH Oojee OTpHhIia-
TEJILHBIHA 10 CPAaBHEHUIO CO CTAllMOHAPHBIM ITOTEH-
[IMAJIOM MeJIi B COOCTBEHHOM (ha3e Mpu TOH ke KOH-
MIEHTPAIH HOHOB TMOCIEeTHEH. ITO 0OCTOATEITHCTBO
IIPUBOIUT K TOMy, 4T0 MoHbl CU®, 0Opa3oBaBmecs
IpU aHOJHOM OKHCIICHHHU JIATYHH, BOCCTaHABIIMBA-
I0TCs B cOOCTBeHHYIO (asy. [Ipu BoccTaHOBICHHH
KOHIIEHTpalus HoHoB CU™ yMeHbIIAeTCs B MPHUAJIEK-
TPOAHOM CJIO€ PACTBOPA, MO3TOMY CTallMOHAPHBIN
NOTEHIMANI JAaTyHH IOJDKEH CMELIaThCs B OTpHUIlA-
TENBHYIO CTOPOHY. Ilo 3TOMY HpH3HAKYy MOXHO Je-
JaTh BBIBOA O HAJIMYMU OOCCIMHKOBAHUS JIATYHEH
[7].

IToxazano [8], uTo mpu HepeMEeHHO-TOKOBOM I10-
JSIpU3alMY O-JTaTyHU B XJIOPHUIHBIX Cpelax IMepBbIi
AQHONHBII MOJYNEepPHUO] PAacCTBOPEHHs CIUIaBa KOH-
tponupyercs auddysueit kommnekcos CuCl,” or
3NeKTposa B pacTBOp. Takum 0Opa3oM, KOHTPOIH-
PYIOILCH CTaaueil aHOIHOTO PaCTBOPEHHMS O-JIATYHH
SIBJISIETCS PACTBOPEHUE OJIATOPOTHOTO KOMITOHEHTA.

TEOPETUYECKUI1 AHAJIN3

[Ipu pacTBOpEeHHHU CIUTaBOB KaXKIbI M3 KOMIIO-
HEHTOB MPOSIBIISIET CBOU JJIEKTPOXHMHUYECKHE CBOM-
CTBa. DKCIICPUMEHTAIbHBIC UCCIICOBAHMUS JIEKTPO-
XHMHYECKOW MOHM3AIMU JaTyHei [9] 3amoxunu oc-
HOBBI COBPEMEHHBIX MPECTaBICHHH 00 aHOAHOM
pacTBopeHnH HMHTepMeTaumdeckux (a3. A.B. Bae-
JeHckuM nokaszaHo [10-11], 4ro cocrosiHue Hepas-
HOBECHOTO CJI0s1, 00pa3yIomerocs npy CeeKTHBHOM
pPacTBOPEHMH TOMOTCHHOIl CHCTEMBI, OIpeessieT
OCOOCHHOCTH HOHHM3AIMU U IJIEKTPOXHUMHUUYESCKHE
CBOICTBa CIUIaBa, M3MEHEHHE €ro 3JJIEKTPOKATaIIH-
THYECKOI aKTHBHOCTH CILIABOB.

© Xo6orosa 3.b., Eroposa JI.M., Jlapuu B.1., Bemenuesa O.A., DiekTponHas o6paboTka marepuaios, 2014, 50(1), 39-44.
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[Ipu Bcem MHOTO000Opa3NM TUTEPATYPHBIX JAaHHBIX
B HACToOsIee BpeMs HET EJUHON TEOpUH XUMHYe-
CKOTO W 3JEKTPOXUMHUYECKOTO PACTBOPECHUSI METal-
noB. MccnenoBanue MpoIeccoB 3MEKTPOXIMHIECKO-
IO PacTBOPEHHS MEAM U €€ CIIaBOB OYEHb BAXKHO
IUISL CO3/1aHMs €IWHON TEOpHH, CBSI3BIBAIOLICH IPO-
[[ECCHI, TPOTEKAIOIINE B KUAKOW (a3e U Ha TOBEPX-
HOCTH «METaJI-pacTBOP», IUIsl Pa3BUTHS TEOPUHU
NacCUBallMM M JUIS pEIIeHHs pAga MPUKIaTHBIX
po0JIeM pa3MEepHOTO TPaBJIEHHUS METAJIOB M CILIa-
BOB.

Lens paboTbl — wu3ydeHHE 3aKOHOMEpPHOCTEH
ANEKTPOXUMHUECKOTO PAacTBOpPEeHuUs criaBa JI-62 B
XJIOPUIHBIX PAacTBOpax W Tomorpaduu ero moBepx-
HOCTH.

METO/IMKA B3KCITEPUMEHTA

DNEeKTPOXMMHUYECKHE MOJSIPU3AHOHHbBIC H3Mepe-
HUSI TPOBOIWIIMCH Ha moteHimoctrare [1M-50-1.1 ¢
nporpammatopom [IP-8. Ilomydensl nHMKIMUECKHUE
BonsTamieporpaMmel  (LIBA) mpm  pacTBOpeHHH
crumaBa JI-62 (a-maryns) B pactBopax NaCl, HCI u
FeCl; pasnuuHBIX KOHIICHTpAIlMi B MHTEpBaJC MO-
tenianos E = -0,2-+2,0 B ¢ pa3BepTKoii MOTeH-
wpana V = 2-102 B/c. DIeKTpoIoM CpaBHEHHS CITy-
KHJT XJI0pcepeOpsHBIN 3JIEKTPO/I, BCIIOMOTATEIILHBIM
9NIEKTPOJIOM — TUIATHHOBas IacTHHA. [lepen n3Mme-
peHMsIMU BcrioMoraTtenbHbll Pt-anekTposn B TeueHue
JIByX MHUHYT JEKalHUPOBaIH B KOHICHTPUPOBAHHOU
A30THOM KHCJIOTE, MOCJIE YEero TIIATEIBHO MPOMbIBa-
mu. BriOpana cranmaptHas ucxomHas oOpaboTka
MOBEPXHOCTH JTUCKOBOTO 3JIEKTPOJa, 3aKJII0Yaromia-
sicsl B MEXaHMYECKOM 3a4ncTKe U nunpoBKe, 00e3-
KUPUBAHUHU, XUMHUYCCKOW TOJHUPOBKE B PACTBOPE
H3PO,. Bee 3nauenus E B paboTe MpuBEIEeHBI OTHO-
CHUTEJBHO BOJOPOAHOTO 3JEKTpoja. TOYHOCTh TOA-
JepXKaHus MoTeHIuana cocrasisier + 3-107° B. Ilo-
IPEIIHOCTh YCTAaHOBJICHHS TIOJIIPH3YIOIIETO TOKa
paBHa = 2%. IlorpemHocTh BombTMeTpa B7-21 Ha
rpanuue u3mepenusi — 1 B + 0,7%.

Wamepenns npooamnu npu 25 + 0,1°C. Tepmo-
CTaTUPOBAHUE OCYIIECTBISUIM MPH TTOMOIIH TEPMO-
crara YT-15V 42. Pabouas sueiika Obuta cCHaOXeHa
«pyOaIKkoii», yepe3z KOTOPYIO MOCTOSHHO MPOKAYH-
Bajach JUCTWJUTMPOBAHHAs BOJAa U3 TEPMOCTATA.
OnbIThl MPOBOAMIIN TIPU 3aKPBITOM KPBIIIKE, OCHA-
LICHHOM JIepKaTellsIMU JIIsL 3JIEKTpoaoB. Kammisap
Jlyrruna-I"abGepa moaBoanuian K caMoOi IMTOBEPXHOCTH
pabouero snekrpoxa. [Inomans naTyHHOW MOBEpX-
HOCTH 3JIEKTPOJIa — 6,4-10'5 M.

Konuentparmmu wonoB Cu(ll) u Zn(ll) B Tpa-
BWJIBHBIX PacTBOpax OIpeaesili aToMHO-abcopo-
IIMOHHBIM METOJIOM Ha crekrpodoromerpe «Ca-
TypH» TIPU IJIMHE BOJHEI Jis 1uHKa 213,9 HM, 1is
menu — 324,8 aM.

Mopdonornieckne 0coOEHHOCTH TMOBEPXHOCTH
3NIEKTPO/a HM3ydYalld METOAOM 3JIEKTPOHHO-30HMIO-
Boro MmukpoaHanuza (EPMA) Ha ckaHupyroiem

37eKTpOHHOM MuKpockone JSM-6390 LV ¢ cucre-
Mol peHTreHoBcKoro Mukpoanaiamza INCA. Hccre-
JOBaHUsI ILIEPOXOBATOCTH DJIEKTPOJOB U Pa3sHHLBI B
HaHOPa3MEPHBIX OCOOCHHOCTAX MOPGOJIOTHH 00-
pasloB 2JIEKTPOAOB MPOBOJUIN HA CKaHUPYIOIIEM
30H10BOM MuKpockore NT-206 ¢ 3onmom CSC-37
KaHTUJIEBEP.

MuHepanoru4eckuii coctaB OCaJKOB Majopac-
TBOPUMEBIX COEIWHEHHH, 00pa3ylolmmxcs B 0Tpado-
TaHHBIX TPaBHJIBHBIX PACcTBOPAX, ONPEACISUIN C I10-
MOIIBI0 PEHTTEHO(A30BOr0 aHAIM3a HA IOPOIIKO-
BoM mudpakromerpe Siemens D500 B meaHoM H3-
Jy4eHHH ¢ TpaduTOBBIM MOHOXpomaropom [12].
[lepBuyHBId TOUCK (ha3 BBHIIOIHEH IO KapTOTEKe
PDF-1 [13], mocie 4ero pacdeT PEHTIEHOTPaMM
yTOUHEH N0 MeToAy PuTBenpaa c HCIOIb30BaHUEM
nporpammsl FullProf [14].

PE3VJIbTATBI U UX OBCYXXJAEHUE

Brusanue cocmasa snexmponuma
Ha 21eKkmpoxumMudeckoe pacmeopenue cniaga JI-62

HccnenoBaHo BIHMsSHHE MOHOB XJOpa Ha JJICK-
TPOXUMHYECKOE pacTBopeHue ciiaBa JI-62. Ha
puc. 1 mpencraBieHbl aHOAHBIC MOJSAPU3AIMOHHEIC
kpuBble as ciuiaBa JI-62 B pactBopax NaCl pas-
JTUYHOW KOHIeHTpanuu. Co CABUTOM IMOTEHIMANA B
aHOIHYIO OOJIACTh YBEJIWYHMBAETCS IJIOTHOCTh TOKA,
HakioH dj/dE > 0 (puc. 1, kpusbie 1-5). AxkTHBHOE
pactBopenue narynu B pactBopax 0,5-2,0 mouns/n
NaCl (puc. 1, xpuBbie 3-5) HabmogaeTCS B UHTEP-
Base notennuanos 0-0,8 B.

107, A/
9,0

5,01

1,0

0 1.0 2.0 E.B

Puc. 1. AHOAHBIC MOJISAPU3ALMOHHBIC KPUBbIC st cruiaa JI-62
B pactBopax NaCl xonuenrpammu, mons/n: 1 — 0,1; 2 — 0,25;
3-05;4-10;5-20npuV = 2102 Blc u ® = 0 ob/c.

Jlnst pa3baBieHHBIX pacTBOpOB (puc. 1, KpuBbIe
1, 2) tadeneBckre ydyacTKH KPHBBIX OOJiee MPOOI-
’KUTEJIBHBI 110 UHTEpBay rmoTteHnuanos. Cpena pac-
tBopoB NaCl HeiiTpanbHa, Mo3TOMY YyBeEIHYEHHE
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yriia HakioHa J, E-KpPUBBIX OOYCIOBJIEHO TOJBKO
AKTUBHPYIOUIMM JEeHCTBHEM HOHOB Xjopa. [1omo6-
HOE BJIMSHUE aHUOHOB Ha 3JIEKTPOXHMHUYECKOE pac-
TBOPEHHE METAIOB OTMeueHo B pabore [15], a
HMEHHO TOBBIIICHUE KOHIeHTpanuu nouos Cl, Br’,
I” B pacTBOpe CONpPOBOXKIAETCS YBEIMYCHUEM CKO-
POCTH TpoIecca PACTBOPCHUS MeTaTuueckon (a-
361. Habromaromuiicss MakCMMyM TDIOTHOCTH TOKa |
CBHUJICTEIILCTBYET O HACTYIUICHUHM TAaCCUBAIMU TI0-
BEPXHOCTHU CIUiaBa. MakCUMyM | BO3pacTaeT ¢ yBe-
muaeaneM Cci. Takum 00pa3oM MPOSIBISAETCS aKTH-
BHpYyIOLIEe JEHCTBUE HOHOB XJIOpPa.

B maccuBHOW 005acTH CKOPOCTb PacTBOPEHUS
CIUIaBa TPAKTHYECKH HE 3aBUCHT OT IMOTCHIIMANA
(puc. 1, kpuBbie 1-4), 4TO CBSI3aHO C YBEJIHUYCHHUEM
KOJIMYECTBA IMACCUBHBIX COCJUHEHUW Ha €ro Io-
BepxHocTU. [loTeHnman naccuBanuu E;, MpH KOTO-
POM HauWHAETCS MEPeXOj MeTalula U3 aKTHBHOTO
COCTOSHHSI B TIACCUBHOE, JIGKUT B HHTEpBaie
0,8-0,9 B (puc. 1, xpusbie 3-5). lns kpuBbix 1, 2
MaccuBaIysl HACTyMaeT npu Ooliee BHICOKHX 3Haue-
HUSX aHOAHOTO mMoTeHIuana. Hacrymnenue maccu-
BallMU MpPH MEHBIUX E; ¢ pOCTOM KOHIICHTpAIUU
HOHOB XJIOpPa MOXHO OOBSCHHUTH OOJIETYeHHEM Oca-
sxaerust CUCI U3 TPHUAIEKTPOIHOTO CJI0s, YUEMY CIIO-
cOOCTBYET MapajlieIbHO MPOTEKAIOIIee XUMUIECKOe
pactBopenue Meau. OJHAKO WHTEPBAI MACCHBAIIUH
B oOmactm BeICOKHX (¢ koporkmii (puc. 1,
KpuBas 5), MacCHBHOE COCTOSHHE MeTaia WU
CIUIaBa YaCTUYHO JIMOO TMOJHOCTHIO HapylIaeTcs
BBeZleHneM B pacTBop anmoHos Cl, Br, I' [15]. Ho-
BBII TTOJTBEM | C POCTOM MOTEHIIMAA HAOIIOAaeTCs B
2,0M pactBope xnopuaa Harpus. [Iporecc Hapyrte-
HUS TACCHMBHOCTHU BOJM3M TMOTCHIIMANA MTOJHOW Mmac-
cuBanuu Ey, aBTOpsI [16] CBA3LIBAIOT ¢ BO3HHUKHO-
BEHHEM B JIe(PEKTHBIX MECTax MTACCUBHOTO CIIOS OYa-
roB OBICTPOrO PacTBOPEHHMS, KOTOpBIC 3aTeM Tpe-
BpalamTcs B MUTTUHTU. Pelnaroniee 3HaYeHUE MPH
BO3HUKHOBCHHM IUTTHHIOB HMEET KOHKYPCHIIUS
MEXy MAaCCUBHBIM JCHCTBHEM BOJABI M aKTUBUPY-
IOIIMM JICHCTBHEM aHHOHOB XJIOPA.

Ha ¢opmy j, E-kpHBBIX OKa3BIBACT BIMSHUE P
(hakTOpOB, OJJHUM U3 KOTOpHIX sBisieTcst pH cpembl
[16]. U3BecTHO, uTO B OOmacTu Hu3kux pH, Tae
KoHIeHTparuss noHoB OH™ mama wm momst 3aHATOM
HUMH TIOBEPXHOCTH METaJlIa He3HAUYUTEIbHA, aHUOHEI
CI" moryT ancopOupoBaThcs Ha CBOOOIHOI MOBEpPX-
HOCTH. B 3THX YCIOBHSX CKOPOCTh pacTBOPEHHS
BO3pACTaeT MPH yBEIHMUSHUN OOIIEH KOHIIEHTpAIH
aHroHoB [17]. J[nst BBISBIICHHS BIUSHHUS KHUCIOTHO-
CTH pacTBOpa Ha 3JEKTPOXMMHUYECKOE PACTBOPEHHE
CIUIaBa TMONYYECHbl AHOJHBIC MOJSIPU3AIMOHHBIC
KpuBble 1uis atyHu JI-62 B pactBopax HCI paznnu-
HOM KoHUeHTpanuu. s kpusbix 1-5 (puc. 2)
HaOJroMaeTcs OONBITUH YroJl HAKJIOHA y9acTKa akK-
TUBHOTO PACTBOPEHUS CIUIaBa M YBEIHYCHHUE Mak-
CUMYMOB | 1o cpaBHeHHO ¢ pactBopamu NaCl, urto

MOYKHO CBSI3aTh HE TOJIBKO C BIMSHHEM HOHOB XJIOpa
Ha DJIEKTPOXUMHYECKOE PACTBOPEHUE CIUIABa, HO H
nonos H'. B kucioii cpene obierdaercs Xumude-
CKO€ pacTBOpPEHHE ITMHKOBOM COCTaBJISIIOLIEH CIula-
Ba.

Ha xpuBbix 1-3 (puc. 2) 3aperucTpupoBaHbI JBa
skcTpemyma j. B pabore [18] moka3zaHo, uTO mOSIB-
JIeHHe ABYX IMKOB Ha MOJISIPU3AIMOHHBIX KPHUBBIX
MEJIU CBS3aHO C U3MEHEHUEM CTPYKTYPHI TACCHBHO-
ro ciosi CuCl ot phIXJIOro /10 MIOTHOYHNaKOBaHHOTO
10 MEpe PocTa aHOJHOI'O NOTEHIMAA.

j-107%, A/w?
f 3
10,0

5,01

1,01

E

0 1.0 20 E.B

Puc. 2. AHonHbIe moJApHU3alMOHHbBIC KPUBbIC s cruiaBa JI-62

B pacrBopax HCl konnenrpanmu, mons/m: 1 — 0,1; 2 - 0,25;
3-05; 4-1,0;5-20mpu V=2-10%Blc & = 0 06/c.

[Tpu BBICOKMX KOHLEHTpALMAX HOHOB XJIOpa BTO-
POH MUK aHOTHOTO PACTBOPEHMS MEIM Hcye3all, YTo
CBSI3aHO ¢ OPMHUPOBAHKMEM PHIXJION MTOBEPXHOCTHOM
¢aser CuCl. TTo Mepe yBenuueHHUS KOHIIEHTpAIMN
pactBopoB HCI BTOpoi#f mMakcmMyMm TOKa HpH pac-
TBOPCHMU JIATyHU BBIPAXKEH B MEHBIIEH CTEICHHU U
Ha KpUBOH 3 MPOSBISIETCS B BUAE M3rnda KPHBOM.
310 00BACHSETCS TEM, YTO B 00JACTH MOTEHIIHATIOB
E 2 E, MOXeT MPOMCXOUTh KaK MACCHBALMS CIla-
Ba JI-62, Tak W HapyIlIeHWe MAaCCHBHOCTH HOHAMH
CI. Tlpudyem c yBeqMYEHHEM KOHIICHTpAIUH pac-
tBopoB HCI npeobnamaet BTOpoii mporecc.

[TaccuBanus 1aTyHH MOXKET HACTYIUTh HE TOJIb-
KO 32 CYeT aHOJIHOM MOJISIPU3aIliH, HO U MIPH BBEJlE-
HHUHU B pacTBOp okucnutens. B pabore [15] mokasa-
HO, YTO HMHTEHCHBHOCTb NHUTTHHIOBOH KOPPO3UH
METaJJIOB TOBBIIIAETCS B MPUCYTCTBHU PACTBOPEH-
HOrO KHCIOpoAa M HOHOB Fe*'. BBejeHHe HOHOB
xkenesa (I1I) B pacTBop XJIOpPHIOB TPUBOIUIO K
CMEIIEHUIO MOTEHIMajla MeTalIa 10 KPUTHYECKOTo
3HAYCHUS U O00pa30BaHUIO MUTTHHTOB [15]. AKTHB-
HOCTb OKUCJIUTENS] ONpEAeIsieTcs] IPUpPOIo MeTa-
na, BenuuuHOM pH, mpupomoil U KOHIEHTparuein



KOPPO3HOHHO-aKTUBHOTO aHHOHA, TEMIIEPAaTypol u
CKOPOCTBIO MEPEMEIIUBAHUS PACTBOPA.

Jnst iccieoBaHusl BIUSIHUASL MOHOB OKHCITATEIIS
Ha (opMmy |, E-kpuBOii MOIyUYeHBI aHOIHBIE TTOJSAPH-
3allMOHHbIE KpHBble Ha cruiaBe JI-62 B pacTBopax
xnopuna xeneza (lll) paznuyHOl KOHILEHTpALMU
(puc. 3). nst 0,1M pactBopa FeCl; anonnas moss-
pH3aIOHHAsT KpHUBAs XapaKTepH3yeTcsl 00IacThio
aKTHBHOT'O pacTBOpeHus crutaBa (puc. 3, kpusas 1) u
COXpaHEHHWEM MAaCCHBAIMH JIATYHHOTO JIEKTPO/Ia.

DkcrpemyM | Habmomaercs mpu E, = +1,1 B. Tlo
Mepe yBennueHusi E maccuBHas 0071aCTh NEPEXOIAUT
B obnacte nepenaccuBanui. C poCTOM KOHIIGHTpa-
un FeCl; HakIOH aKTHBAIMOHHOW BETBU YBEIHYH-
Baercs (puc. 3, kpussbie 2, 3). Ha j, E-kpuBbIX Tarxxke
HaOJI0AaeTCss BTOPOH MaKCHMYM j, MCYE3AIOIIUil ¢

POCTOM  KOHIIGHTpaluu pactBopoB  (puc. 3,
KkpuBas 4).
j-107, A/
Y
15,0
9,0=
40+
1,01

, .

0 1,0 20 EB

Puc. 3. AHoHbIE MOJSIPU3AIMOHHBIE KPUBBIE JUIst crutaBa JI-62
B pactBopax FeCl; konnenrparumu, mons/n: 1 — 0,1; 2 — 0,25;
3-0,54-20npuV=2-102Blc u w = 0 o6/c.

Anopnnsie j, E-xkpussrie mis criasa JI-62 B pac-
tBOpax xyopuaa skene3a (I11) mogoOHBI TakoBBIM
s meau. B pabore [18] mokaszano, uro oGmactu
MUHMMYyMa TOKa COOTBETCTBYeT OOpa3oBaHUE Ha
MOBEPXHOCTH MEII MaJIOPaCTBOPUMOTO COCIMHEHUS
CuCl, B o0nacTu BBICOKMX aHOMHBIX MOJISIPU3AIMI
obpazyercst CuO.

Ilpu panpHeliieM yBEIWYEHHWH MOTEHIIHAJa
HaOJroIaeTCcss HOBBIM MOIBEM TOKA, COOTBETCTBYIO-
Uil pacTBOPEHUIO C(OPMHUPOBABIIETOCS CIOS U
o6pasoBanmo nouoe Cu®*, CuCl" u coemnuenns
CuCl,. PactBopeHne Meaum MPOJOIDKACTCA 0
HACTYIUICHHS HOBOW MAaCCHBAllMM COCAWHCHUSIMHU
menu (I1).

CenexmusHoCcms 21eKMPOXUMULECKO2O
pacmeoperusi KOMnNOHeHmMog8 cniasa J1-62

CeneKTHBHOCTh ~ PacTBOPEHHUS ~ KOMIIOHEHTOB
crutaa  JI-62  (s;memeHTHBIH  cocTaB, Macc.%:
Cu-61,3, Zn-37, Al - 0,24, Si — 0,19) onenuBanu
Mo BeTUYMHE KOA((PUIHMEHTOB CENEKTUBHOCTH pac-
TBOpeHus1 Z. Pe3ynbraTel mpeacraBieHsl B Tabdm. 1.
Hampumep, Zz, paccauteiBaiu mo hopmyie

_ (2ZniCu)

pacTBop

“" (Zn/Cu)

CIUIaB

rae koHuenTpaun Zn>" u Cu** B pactBope ompene-
JSTM METOJOM aTOMHO-a0COpOITMOHHOW CIEKTPO-
MmeTprud, a (ZN/CU)epmes — OTO OTHOIIEHHE COMAEpIKa-
HUSI KOMIIOHEHTOB B CILJIaBe.

B pactBope 0,5 M NaCl BeipaxeHO ceneKTHBHOE
pacTBOpeHHE MEIHON KOMIIOHEHTHI CcIiaBa, Zgy
npesbimiaetT Zz, B 11,7 pasa. B pactsopax HCI Zz,
npeBbitiaer Zc, B 6,8 paza. D1oT PpakT MOXHO 00B-
SICHUTh TEM, 4TO JUIS [IUHKA OCHOBHBIM (PaKTOPOM
pacTBOpEeHHsT SBISAETCS  KHCIOTHOCTh — pacTBOpa
(Tabmn. 1).

Taoaunma 1. KonnyecTBeHHBIE MOKA3aTEd CEIEKTHBHO-
CTH WOHHM3anuu ciuiaBa JI-62 mpu 37MeKTPOXUMHYCCKOM
pacTBOpEHUH B MOTEHIIMOCTATHYECKOM PEXHME B Tede-
Hue 120 MHH B XJIOPHIHBIX SJCKTPOIUTAX PA3TUIHOTO
cocTaBa

Konuent- Konuentpauuu Koaddu-
pauust E B HOHOB, LIUEHTBI
pacTBopa, MOJIB/ T CEJIEKTHBHO-

MOJIB/ 1T CcTH
cu® zn* Zey Zm
0,5 HCI 1,1 4.10° 6,5:10° | 0,39 | 2,66
05NaCl | 09 | 1510° | 0,27.10° | 35 0,3
01FeCl; | 1,2 | 49-10° | 42.10° | 0,73 1,4

Jlanubie Tabm. 1 moaTBepKIaroTCs pe3yIbTaTaMu
ANIEKTPOHHO-30HI0BOTO MHKpOAHAIIU3a IOBEPXHO-
CTH JIATYHHOTO DJICKTPOJA IOCJe TPABJICHUS B XJIO-
puaHBIX pactBopax (tadm. 2). Ilocnme TpaBneHus B
HOBEPXHOCTHOM CJIO€ JIATYHH M3MEHHMJIOCH COOTHO-
HIeHHE KOMIOHEHTOB ciutaBa Cu/Zn 1mo cpaBHEHHUIO
C MX COOTHOIICHHWEM B IIEPBOHAYAIBLHOM CILIaBE!
61,63/37,94 = 1,62. OboramieHne MeAbIO IIOBEPXHO-
CTU CBHUJIETEIBCTBYET O CEJICKTUBHOM PacTBOPECHHU
[IMHKA, 4TO OO0Jice BBIPAKEHO IOCJIE TPABJICHHS B
kucibix pacrBopax FeCls u HCI.

Ta6auna 2. MaccoBble JOJIM U COOTHOLIEHUE MEAU U
I[MHKA B IOBEPXHOCTHOM cJioe cruiaBa JI-62

Maccoas 1075
KOMIIOHEHTA COOTHOIIIEHNE KOM-
DNeKTpoNIuT, B [IOBEPXHOCTHOM nouedTos Cu:Zn
MOJIB/ 1T crtoe criasa, % B [IOBEPXHOCTHOM
cJIoe criaBa
Cu Zn
0,5 NaCl 18,21 44,44 0,5
0,5 HCI 54,86 29,14 1,88
0,1 FeCl, 63,25 21,4 2,95
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X, um

(a)

X:2,5um Y:2.5um Z:2,5um [1,0:1]
Ra: 0,3 um Rq: 0,4 um

X, um

Puc. 5. 3D-kapra HOBerHOCTI/I obpasna crutaBa JI-62 mocrne
anexTpoxumudeckoro tpasienus B 0,1M FeCls.

B pactBopax xmopuna xenesa (1) nadnronaercs
npeBbliieane Zz, Han Zc, Tompko B 1,9 paza
(tabm. 1), To ecTh B pacTBopax xmopua xenesa (I11)
MpoIecC PACTBOPEHHUS CIUIaBa CTaHOBUTCS Oolee
paBHOMEpHBIM. M3 3TOr0 MOXHO 3aKIIOYNTh, YTO
PAaBHOMEPHOCTH SJIEKTPOXUMHUYECKOTO PACTBOPEHUS
O-JIATyHA CIOCOOCTBYIOT MPUCYTCTBHE WOHOB XJIO-
pa, OKUCIHUTENST U KHCNas Cpefia pacTBOpa.

Mopdonorus moBepxHocTH craBa JI-62 mocie
JNEKTPOXUMHUYECKOTO TPABJICHUS B XJIOPUIHBIX pac-
TBOpaxX M3y4yeHa IPH DJIEKTPOXUMHYECKOM TpaBlie-
uun pacteopoB NaCl, FeCl; u HCI B morenmmocra-
THYeCKOM pekume B TeucHue 120 muH. BiGop KoH-
LEHTpalui pPacTBOPOB OOYCIIOBIICH HAMMEHBIITUM
3HAUCHUEM J;; TI0 aHOJHBIM MOJISIPHU3AHOHHBIM KPH-
BbIM, TMOJYYCHHBIM B IMOTEHIIMOJWHAMUYECKOM pe-
xume (puc. 1-3).

HccnenoBanusi HaHOCTPYKTYPhI [OBEPXHOCTH
AJIEKTPOJIOB OCYIIECTBISUIA Ha TMOJIAX 2,5X2,5 MKM.
CootBerctByomue 2D- u 3D-kapThl MOBEPXHOCTH
MPOTPABICHHOTO JIATYHHOTO AJIEKTPO/a MPHUBECHEI
Ha puc. 4-6. Tomorpadus mnoBepxHOCTH CILIaBa
JI-62, moaBepriierocs aHOAHON MOJIAPH3ALMH IPU
morernuane E, = +0,9 B 8 0,5M NaCl, npusenena
Ha puc. 4.

X:2,5um Y:2,5um Z:2,5um[1,0:1]
Ra: 0.2 um Rg: 0,3 um

(6)
Puc. 4. Kaprer noBepxnoctu obpasua cruiaBa JI-62 mnocie anexrpoxumudeckoro tpasienus B 0,5 M NaCl B teuenne 120 mun:
(a) — 2D-; (6) — 3D-kapra.

X:5Tum Y:3.6um Z:2.5um[1,0:1]
Ra: 0.4 um Rq: 0,6 um

7, nm
2!55“
1724
1293

862
431
0

X, um

Puc. 6. 3D(-)1<apTa MOBEPXHOCTH 00pasua cruiaBa JI-62 nocie
anekTpoxuMudeckoro tpasienus B 0,5M HCI.

Amnanmuzupys tomorpaduio oOpasua JaTyHHOTO
ANIEKTPOJIa, MO)KHO OTMETHUTH JIOCTATOYHYIO PaBHO-
MEpHOCTh OCHOBHOM moBepxHOCTH. [JyOmHa Tpo-
TpaBJIMBaHuUs Koyiebsercs B npeneiax 1,86-2,1 uwm.

Ha mnoBepxHOCTH (HOpMHUPYIOTCS JIUIMNITHYHBIE
CTPYKTYphl KpHcTauiuToB pasmepom 100-200 Hwm.
W3 paHHBIX KPHUCTAUIMTOB 00pa3oBaHbBl OoJjee
KPYITHBIE CTPYKTYPBI IPOU3BOIBHON (DOPMBI, IIOBTO-
pSIOIIIe MUKPOpeNbed MOT0KKH.

Oco0eHHOCTH TOTIOTpaduH MOBEPXHOCTH CITIaBa
JI-62, monBepruierocss aHOOHOH MOJSAPU3ALMU TIPH
noreHnuane £, = +1,2 B B 0,1M FeCl;, npencrasne-
HBI Ha pHC. 5.

OcHOBHast 4acTh TIOBEPXHOCTH 00pa3lia Xapakre-
pusyetcs BbicoToii 1200-1600 uM, uHTepBan Oomnee
y3Kkuii, yeM npu Tpasienun B pactBope NaCl. Xa-
PaKkTepHBI pa3Mepbl MOBEPXHOCTHBIX  KPHCTaJUIU-
ToB — 80-180 M. Kpucrammutel o0pa3yioT mioT-
HYIO TUIEHKY Ha TOBEPXHOCTH JIIEKTPOJA, KOTOpas
MTOBTOPSIET MUKpopenbed momioxkkn. Ha obOpasie
HaOIrolaeTcsl Hajdu4yhe TIyOOKHUX MPOKOJIOB, 4TO,
OYEBHHO, CBS3aHO C YCJIOBHEM (hopMHUpOBaHUS
wienku. [lpencraBnser wHTEpec Tomorpadus mo-
BEPXHOCTH JIATYHHOTO 00paslia Mocie TPaBJICHUS B
0,5M HCI (puc. 6). OrimuutensHON uepToil mo-



BEPXHOCTH JIATYHU SIBISIETCS] IPUCYTCTBUE KPYIIHBIX
3epeH B BHUJC IHKOB, XapaKTEPU3YIOIIUXCS Oojee
TOHKOU CcyOcTpykTypoi. I[lomoOHbIC ariomepaTsl
pacmoJoXeHbl Ha TOBEPXHOCTH 00pasma B MPOU3-
BOJIBHOM TOpsnKe. VX MPUCYTCTBHE — 3TO pe3yiib-
TaT o0ecMHKOBaHU ciaBa JI-62 B kucioii cpene.

3AK/IIOYEHUE

Takum oOpa3oM, 000CHOBaHA 3aBUCHMOCTH Me-
XaHHU3Ma JIEKTPOXUMHUYECKOTO PACTBOPEHHS CILIaBa
JI-62 ot coctaBa 3NEKTPOIHUTA. KOHLIEHTPALMU aHU-
OHA, KHCIIOTHOCTU M MPUCYTCTBUS okucnutens. [1o-
Ka3aHo, YTO HOHBI XJIOpa B 00JACTH BBICOKUX KOH-
LIEHTpAIINI OKa3bIBAIOT AKTUBUPYIOIIEE JEHCTBHUE Ha
NPOIIECC AIIEKTPOXUMHUYECKOTO PACTBOPEHHS CIIIaBa
JI-62 n HapymalOT MaCCUBAIUIO €T0 MTOBEPXHOCTH.

AKTHBaIUs pacTBOPEHHUS JIATYHHU B KUCJION cpefie
CBsi3aHa C OOJIETYEHHWEM PACTBOPEHHUS IIMHKA, UYTO
MOATBEPXKJACTCS] CPAaBHEHHUEM KOJIWYECTBEHHBIX I10-
KazareJeil CeJIeKTHBHOCTH HOHU3AI[UN KOMIIOHEHTOB
craBa JI-62 B XJIOPUIHBIX PAaCcTBOPAx Pa3IMIHOTO
coctaBa. BBejeHue B XJOPHIHBIA pacTBOp HOHOB
oxucmutens Fe®* MHTeHCHUIMpPYeT aKTHBHOE pac-
TBOpPEHUE JTATYHU TPU COXPAHEHHUH MTACCHBAIIHH.

MeTosoM aTOMHO-CHJIOBOM MHKPOCKOIIHMHU Olle-
HEHBI KauyecTBO 0OpabOTKM MOBEPXHOCTH M PaBHO-
MEpPHOCTh pacTBOpeHws crutaBa JI-62 B 3aBHCUMOCTH
OT DOKCIIEPUMEHTANbHBIX ycloBHi. (OOGOCHOBaHBI
YCIIOBUSI PABHOMEPHOTO 3JIEKTPOXUMUYECKOTO TPaB-
neHus craBa JI-62: kucnmas cpena W NMpHUCYTCTBHE
nonoB xyopa u Fe(lll), uro xapakrepHo as pacTBoO-
poB FeCls.
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Summary

The mechanism of electrochemical ionization and pas-
sivation of brass Cu 62 Zn in chloride solutions has been
studied. The electrochemical dissolution of Cu 62 Zn al-
loy in concentrated chloride solutions is shown to be con-
trolled by ionization of the copper component in the alloy.
The dissolution selectivity of brass Cu 62 Zn components
and surface modification of the alloy during electroche-
mical etching have been studied. A possibility has been
described of the smooth electrochemical dissolution of
a-brass in an acid medium, in the presence of chlorine
ions and oxidizer Fe** .

Keywords: brass, ionization, etching solution, dissolu-
tion selectivity.
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Effects of TiO, Particles Size and Heat Treatment on Friction
Coefficient and Corrosion Performance of Electroless
Ni-P/TiO, Composite Coatings

Elina Esmaeel Nad and Maryam Ehteshamzadeh

Department of Materials Science and Engineering, Faculty of Engineering,
P. O. Box 76175-133, Shahid Bahonar University of Kerman, Jomhoori Blvd., Kerman, Iran,
e-mail: ehtesham@uk.ac.ir

The effects of the titanium dioxide (TiO,) particles size on the friction coefficient and corrosion per-
formance of the Ni-P/TiO, composite coatings before and after heat treatment at 400°C for 1h have
been investigated. Pin-on-disc analysis results have revealed that the highest and the lowest friction
coefficients belonged, respectively, to the simple Ni-P coating and the Ni-P/TiO, composite coating
containing TiO, particles of the average size of 0.1 um (u ~ 0.62 against 0.52). Eventually, a relative
reduction in the corrosion resistance and the friction coefficient (as low as p ~ 0.38) have been ob-
served after heat treatment of Ni-P and Ni-P/TiO, composite coatings.

Keywords: particle-reinforcement, friction, corrosion, EIS.

VK 621.7
INTRODUCTION

Electroless deposition, a long-used process, an
autocatalytic reduction of metals and alloys, is an
attractive and alternative method of producing coa-
tings with high Ni content; it has been known to
form a thin and uniform deposit on the substrate
when compared to electroplating [1].

The idea of codepositing various second phase
particles in electroless nickel matrix and thereby
taking advantages of their inherent uniformity, har-
den ability, wear and corrosion resistance, has led to
the development of electroless nickel composite
coatings. Many composite coatings are characterized
by an amorphous or crystalline nickel matrix into
which oxides such as NiO, Sc,0;, Fe,03, RuO,,
Al,Ozand TiO, are incorporated [2, 3]. Other chemi-
cal compounds can also be codeposited with the
nickel matrix, e.g. SiC, BN or PTFE [4, 5].

Incorporation of nano-sized particles within Ni-P
autocatalytic coatings has greatly improved their
properties thus imparting new functional features to
the coating performance, which finally has widened
their application in different fields. One of those par-
ticles, TiO,, has attracted tremendous interest in the
research community due to its wide application in
engineering [6]. This material is widely used be-
cause of its high refractive index [7]. However, so
far little attention has been paid to the incorporation
of TiO, nanoparticles in the Ni matrix [8]. Compo-
site coatings of the Ni matrix with a stable inorganic
TiO, oxide offer the synergistic advantage of the
metal matrix that is conductive and corrosion re-
sistant and the oxide, which may enhance the corro-
sion and wear resistance or catalytic properties of
the system [9]. In composite materials, the TiO,
phase, with its high strength and high hardness, can

serve as an effective reinforcement to strengthen the
composite and increase its hardness and wear re-
sistance. The Ni-P plates containing TiO, composite
have improved physical-chemical characteristics
[10].The right configuration of the size, morphology
and structure of the TiO, nanoparticles should be
specified for every particular application.

The given paper considers a very important ef-
fect of adding second-phase particles into simple
electroless coatings and partially fills the gap in the
insufficient number of investigations on the effect of
the second-phase particle size and of heat treatment
on wear and corrosion performance of composite
coatings.

EXPERIMENTAL DETAILS

Preparation of substrate

Mild steel specimens (5 x 2 x 0.5 cm®) were used
as substrates of electroless Ni-P coatings. The sam-
ples were polished by successive emery papers (grit
numbers: 120, 500, 1000 and 2400). Having been
cleaned by distilled water and ethanol for removing
any pollution, the specimens were soaked in acetone
for 30 minutes. The procedure was followed by im-
mersing the specimens in the sulfuric acid solution
for 30 seconds in order to activate the samples sur-
faces. All chemicals were of the analytical grade
(Merck).

Plating bath and coating process

The compositions of electroless baths are given
in Table 1. Magnetic stirrer was used to get uniform
suspension of particles in the solution. In each case,
250 mL of suspension containing Ti particles and an
optimized amount of the anionic surfactant sodium
dodecyl sulfate (SDS) [11] were stirred for 12h on a

© Elina Esmaeel Nad and Maryam Ehteshamzadeh, Dnexrponnas o6paborka marepuanos, 2014, 50(1), 45-50.
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magnetic stirrer to improve wettability of the parti-
cles. The TiO, powder was added to the composite
coating bath, separately, in three average sizes:
20 nm, 0.1 um and 0.3 pum, which, respectively,
leaded to the composite coatings with symbols D1,
D2 and D3 thereafter. As to D, it showed a simple

Ni-P coating.

Table 1. Simple and composite coating bath composition
and operating conditions for electroless coating

Composition Simple Ni-P Ni-P/TiO,
bath bath
NiSO, - 6H,0 (g/L) 21 21
NaH,PO, - H,0 (g/L) 25 25
Lactic acid (mL) 24 24
Propionic acid (mL) 3 3
TiO, (g/L) - 2
Pb acetate (g/L) 0.004 0.004
Thio urea (g/L) 0.002 0.002
Surfactant (g/L) - 0.2 (SDS)
Temperature 89+ 2°C 89 + 2°C
pH 46+0.2 46+0.2
Duration(min) 40 40
Heat treatment

To study the effect of heat treatment on the pro-
perties and structure of the composite coatings, the
samples were subjected to the annealing heat treat-
ment. This was carried out in an argon atmosphere
furnace at 400°C for 1h. The samples were allowed
to cool in the furnace after the heat treatment.

Equipment

Scanning electron microscope (SEM) CamScan
MV2300 was employed to study surface morpholo-
gies. Also, the deposits compositions were analyzed
by the energy dispersive X-ray (EDX) analyzer. The
X-ray diffraction (XRD) analyzer equipment
(Philips, Xpert, Cu K, radiation) with X’pert
Highscore 1.0d software was used for detecting the
phases. Microhardness of the Ni-P based coatings
was measured using a microhardness equipment
(Struers Duramin, Denmark), with a diamond pyra-
mid as an indenter and 50g load, 15s loading dura-
tion and five trials per each sample.

Electrochemical measurements were done using
an EG&G Potentiostat/Galvanostat Model 263A
accompanied with a frequency response analyzer
Model 1025. A classical cell of three-electrodes was
employed: a platinum electrode was a counter elec-
trode, a saturated calomel electrode (SCE) was a
reference electrode and the samples with an exposed
area of 1 cm? were working electrodes. The poten-
tiodynamic polarization curves were recorded in the
range of -0.4 to 0.4 vs an open circuit potential with
the scan rate of 1 mVs™. Electrochemical impedance
spectroscopy (EIS) measurements were done in the

frequency range of 100 KHz-10 mHz and the per-
turbation amplitude was 5 mV. Aqueous solution of
3.5% NaCl was used as the corrosive media in elec-
trochemical tests.

Friction and wear performance were studied
using pin-on-disc equipment interfaced with a data
acquisition system. For all tests, the sliding velocity
was fixed at 0.024 m/s and the sliding distance was
100 m. The load applied was 10 N. No lubricant was
used during the test. The pins were made of steel
with hardness of 62 RC.

RESULTS AND DISCUSSION

Morphology and microstructure

Fig. 1(a—d) exhibits the SEM images of the com-
posite coatings containing TiO, particles in different
sizes. It can be seen that there are many spherical
protrusions over the surface. It was observed that
when increasing the size of TiO, particles, the coa-
tings surfaces became softer and smoother. This can
be interpreted by a higher agglomeration of small
TiO, particles in D1 and D2 composite coatings,
which led to a rougher surface.

(©) (d)
Fig. 1. SEM micrographs of electroless Ni-P and Ni-P/TiO,
composite coatings; (a) D, Ni-P coating; (b) D1, Ni-P/TiO, in
average size 20 nm; (c) D2, Ni-P/TiO, of average size 0.1 pm;
(d) D3, Ni-P/TiO, in average size 0.3 um.

Fig. 2 shows a typical EDX spectrum of the
composite coating D2. Similar results were observed
for the composite coatings D1 and D3. Chemical
compositions of the composite coatings are listed in
Table 2. Incorporated TiO, particles in the Ni-P
matrix for the composite coatings D1, D2 and D3
were found to be 2.9, 3.4 and 2.2 wt. %, respective-
ly. It is obvious that the most incorporated amount
of the TiO, particles was in the composite coating
D2. In general, the incorporation of second phase
particles in electroless Ni-P matrix depends on two
factors: particles impingement on the electrode sur-
face and the remaining time of the particles on the
electrode surface [12]. Lower incorporation of the
averagely sized — 20 nm and 0.3 um, TiO, particles



in composite coatings D1 and D3, respectively, can
be ascribed to either a relatively small or very large
size of the particles, which are believed to be swept
away from the surface, as compared to the particles
in the averagely sized (0.1 pm) D2. Despite the
presence of the surfactant SDS, another inevitable
fact is agglomeration of nano-sized particles, which
most probably occurres in the composite coating
containing TiO, particles of the average size 20 nm,
asis D1.

Ni
Ni
2
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g
2ol ?
Ti .
Ti Ni
Ti
1 23 4 5 6 7 8 9 1011 121314 15 16 17 18 19
Energy, keV

Fig. 2. Typical energy dispersive X-ray analysis of electroless
Ni-P/TiO, composite coating containing TiO, particles of
average size 0.1 um.

Table 2. Composition of electroless Ni-P and Ni-P/TiO,
composite coatings
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Type of TiO, particles Ni P TiO,
coating average size (Wt.%) | (wt.%) | (wt.%)
D) - 89.1 10.9 -
Ni-P
D1) 20 nm 86.9 10.2 2.9
Ni-P/TiO,
D2) 0.1 um 87.0 9.6 3.4
Ni-P/TiO,
D3) 0.3 um 87.6 9.5 2.2
Ni-P/TiO,

XRD patterns of the electroless Ni-P and
Ni-P/TiO, composite coatings, before and after heat
treatment, are shown in Fig. 3. The amorphous na-
ture of the electroless Ni-P matrix was evidenced in
which crystalline TiO, particles are embedded. In
the composite coatings, apart from a single broad
peak corresponding to the amorphous Ni (111) plane
at 45°, there are low intensity peaks of TiO,. After
heat treatment, rapid transformation, from a disor-
dered to an ordered arrangement, in the structure of
the electroless Ni-P coatings of NisP, NisP,, Ni-ps
which resulted in several sharp peaks in the X-ray
diffraction pattern.

Wear behavior

A tribological contact of solid bodies results in
two major phenomena: friction and wear. Abrasion
test results of simple and composite coatings are
presented in Fig. 4. The Ni-P/TiO, composite coa-
tings showed improved wear resistance compare to a
simple Ni-P deposit, with a friction coefficient
(W) ~ 0.62. Among the composite coatings, D2
showed the lowest friction coefficient (~ 0.52)

which led to the best abrasion resistance. This could
be explained by the amount of adsorbed TiO, parti-
cles in the deposit (3.4 wt.%), as evaluated by the
EDX analysis. A higher percentage of the powder
resulted in a reduced wear between the coating and
the pin, thus enhancing the abrasion resistance of D2
in comparison with the other two composite coa-
tings. The Friction Coefficients of D1 and D3 were
estimated as ~ 0.55 and ~ 0.58, respectively.
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Fig. 3. XRD patterns of as-plated and heat treated Ni-P and
typical Ni-P/TiO, composite coating containing TiO, particles
of average size 0.1 pm.
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Fig. 5 displays Vickers microhardness values for
as plated and heat treated electroless Ni-P and
Ni-P/TiO, composite coatings. As is evident, in-
crease in the size of TiO, particles led to a higher
coating hardness. It can be recalled from the EDX
analysis (Table 2) of the coatings that the amounts of
phosphorus present in D, D1, D2 and D3 coatings,
which is a crucial parameter in the electroless Ni-P
plating, were 9.29, 10.2, 9.6 and 9.5 wt.%, respec-
tively. It is clear that the larger the size of Ti parti-
cles, the smaller the amount of the deposited phos-
phorus. Because of the fact that phosphorus phase is
a type of a soft phase, it affects the surface micro-
hardness and can lead to smaller hardness values of
the deposits. When electroless coatings are heated at
a suitable temperature, formation and precipitation
of the intermetallic NisP, NisP,, Ni-P3; phases occur,
which act as barriers for dislocations movement,
thereby hardness goes on increasing. This unique
property of electroless alloys led to an extremely
wide exploitations of such coatings for applications
requiring wear and abrasion resistance.

® Before heat treatment
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As it is clear from Fig. 6, heat treatment affects
the coatings abrasion behavior. A relative reduction
of the friction coefficient values was observed after
heat treatment. This can be accounted for by the cre-
ation of hard phases, such as NisP, after heat treat-
ment, which led to higher hardness values of coa-
tings and therefore wear resistance. Besides, as was
the case before heat treatment, the lowest friction
coefficient is that of D2, which is as low as 0.38.

Corrosion performance

Fig. 7 shows polarization curves of electroless
Ni-P and Ni-P/TiO, composite coatings containing
TiO, particles of different sizes in the 3.5% sodium
chloride solution; Table 3 lists their polarization pa-
rameters. It can be seen that the corrosion current
density (i) for a simple electroless Ni-P coating
(D) is 2.04 uA/cmz, whereas iq Values for D1, D2
and D3 coatings are 2.54, 0.36 and 1.58 pA/cm?
respectively. Among the four composite coatings,
D2 showed the highest corrosion resistance. This
can be attributed to the appropriate incorporation of
Ti particles and their relevant distribution in the de-
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The lowest resistance was associated with D1
coating, which can be attributed to an effective ex-
posure of the metallic area to the corrosive media. In
D1 deposit, incorporation of extremely small TiO,
particles can result in augmenting the particles ag-
glomeration in the electroless bath and therefore in
the composite film. This can be due to a big surface
energy of ultrafine TiO; particles, which tends to pile
them up severely, despite the presence of an appro-
priate surfactant SDS. Hence, the probability of lo-
calized corrosion in the D1 deposit is even higher
than at a simple electroless plating.

On the other hand, more particle collisions in the
electroless bath in the process of making D3 coating
has led a lower content of TiO; in the deposit, thus
causing a lower corrosion resistance of the deposit
unlike the process in D2.

The impedance data of the coatings in the format
of Nyquist and Bode plots are shown in Fig. 8. The
results of the EIS studies also indicate a similar trend
in the corrosion resistance like that observed in po-
tentiodynamic polarization effects. The highest
value of Rp for the D2 coating also implied that this
type of a coating is more protective against corro-
sion, while the D1 deposit plot exhibited a low re-
sistance in contrast with other films.
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Fig. 8. EIS spectra of electroless Ni-P and Ni-p/TiO, composite
coatings in 3.5% NaCl aqueous solution; D) Ni-P coating,
D1) Ni-P/TiO, of average size 20 nm, D2) Ni-P/TiO, of average
size 0.1 um, D3) Ni-P/TiO, of average size 0.3 um.

Corrosion behavior of the heat treated electroless
coatings in the format of Nyquist and Bode plots are
shown in Fig. 9. Extracted results of the EIS analysis
are listed in Table 4. They are as follows: the highest
Rp value refers to the D2 composite coating; in addi-
tion, the highest and the lowest corrosion resistance

demonstrated D2 (icor = 1.419 A/cm?) and D1
(icor = 3.24 A/cmz), respectively. The heat treated
electroless Ni-P and Ni-p/TiO, composite coatings
exhibited larger i values than the equivalent as-
plated coatings. A higher corrosion resistance of as-
plated coatings may be attributed to their amorphous
nature. Amorphous alloys offer better resistance to
corrosion attack than the equivalent polycrystalline
materials because of the freedom from grain and
grain boundaries [9].
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Fig. 9. EIS spectra of electroless Ni-P and Ni-P/TiO, composite
coatings in 3.5% NaCl aqueous solution after heat treatment at
400°C for 1h; D) Ni-P coating, D1) Ni-P/TiO, of average size
20 nm, D2) Ni-P/TiO, of average size 0.1 um, D3) Ni-P/TiO, of
average size 0.3 um.

Table 4. Polarization parameters of electroless Ni-P and
Ni-P/TiO, composite coatings in 3.5% NaCl aqueous so-
lution after heat treatment at 400°C for 1h; D) Ni-P coa-
ting, D1) Ni-P/TiO, of average size 20 nm, D2) Ni-P/TiO,
of average size 0.1 um, D3) Ni-P/TiO, of average
size 0.3 um

Type of icorr Ecorr RP
coating (MA/cm?) (mV) (Qecm?x10%)
D 2.793 -495.0 0.889
D1 3.249 -485.8 0.867
D2 1.419 -546.2 1.586
D3 1.780 -551.3 1.235

After heat treatment, a mixture of crystalline
nickel and nickel phosphide is created, therefore
areas of different corrosion potentials are produced.
This may leads to the formation of minute ac-
tive/passive corrosion cells and consequently pro-
voke an accelerated attack by an aggressive medium.
The comparison of deposits demonstrates that the
composite coating with the 20 nm particle size of
TiO, has the lowest corrosion resistance, which is
even less than with a simple Ni-P coating.



Fig. 10 schematically compares the corrosion beha-
vior of the coatings before and after heat treatment.
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Fig. 10. Comparison in corrosion current densities of electroless
Ni-P and Ni-P/TiO, composite coatings before and after heat
treatment at 400°C for 1h; D) Ni-P coating, D1) Ni-P/TiO, of
average size 20 nm, D2) Ni-P/TiO, of average size 0.1 um,
D3) Ni-P/TiO, if average size 0.3 pm.

CONCLUSIONS

1. Heavier agglomeration of TiO, particles was
observed in the presence of 20 nm TiO, particles.

2. A larger and more uniform distribution of TiO,
particles were found in the Ni-P/TiO, composite
coatings containing TiO, particles of the average
size of 0.1 pum.

3. The highest and the lowest friction coefficients
were observed with the simple Ni-P and the
Ni-P/TiO, composite coatings containing TiO, parti-
cles of the average size of 0.1 um, respectively,
(1~ 0.62 against 0.52).

4. Heat treatment of the electroless Ni-P and
Ni-P/TiO, at 400°C for 1h caused lowering of the
friction coefficient, so that p arrived ~ 0.38 in the
electroless Ni-P/TiO, composite coatings containing
TiO, particles of the average size of 0.1 um.

5. A reduction in the corrosion resistance was ob-
served in the coatings after heat treatment.
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Pedepar

B paboTe paccMarpuBaeTcs BIHSHHE pa3Mepa YacTHIL
neyokucu tutana (TiO,) Ha kKo3QdUIHEHT TpeHHUs U xa-
PaKTEePUCTHKN KOPPO3UH MOKPBITHI M3 CIOKHOTO CIUIaBa
Ni-P/TiO, no u nocne TemnoBoit 06paborku npu 400°C B
TeyeHue 60 MHMH. AHaJIM3 Ha TPEHHE U M3HOC IO CXEMe
«IITAQT-TUCK» TTOKA3aJ, YTO HAMOOJBIINA U HAMMEHb-
it K03 HUIUEHTH TPeHHUS HAOIIOAAIICH IPH IPOCTOM
Ni-P mokpertnu u tipu ciioskaoM Ni-P/TiO,, ¢ gactuiamu
TiO; co cpemanm pasmepom 0,1 um (p ~ 0,62 B oTrume
ot 0,52). B meiicTBUTENBHOCTH, OTHOCHTEIHHOE yYMECHB-
LIIEHUE COMPOTHUBIICHHs KOPPO3uH U KoddduimeHra Tpe-
aust (mo p ~ 0,38) maGmomanoch mocie TEIoBoi obpa-
60tku mokperTuii kKak u3 Ni-P, tak u u3 Ni-P/TiO,.

Kniouesvie cnosa. ykpynnenue uwacmuy, mpeHue,
KOppO3usi, CNeKmpOCKONUsL 2NeKMPOXUMULECKO20 UMNe-
oanca.
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We report on the magneto- thermopower of single-crystal Bi nanowires with diameters 75 nm and
250 nm in a longitudinal and transverse magnetic fields of 0-14T. The temperature range is 1.5-300K.
Bi nanowires in a glass capillary have been prepared by the high frequency liquid phase casting. The
temperature dependence R(T) shows the transition from metallic to semiconducting behavior due to
quantum size effect, where the Bi-wire diameter is reduced to less than 80 nm. It is for the first time
that the effect of the negative magneto-resistance in a transverse magnetic field, due to the quantum
size effect on 75 nm Bi wires, has been observed. The thermopower is very sensitive to the wire dia-
meter, up to a change in the sign from negative to positive at low temperatures, and to a significant ex-
tent in a weak longitudinal magnetic field. The field dependences of longitudinal and transverse mag-
neto-resistance have features characteristic of the occurrence of the quantum size effect and galva-
nomagnetic size effect, and provide information on the parameters of the energy spectrum and charge
carrier mobility. The enhancement of the thermoelectric figure of merit for Bi nanowires is discussed.
We also discuss the power factor ac and its dependence on the diameter, magnetic field and tempera-

ture.

Keywords: Bi nanowires, thermoelectricity, size quantization effect.
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INTRODUCTION

The electrical transport and magneto-thermo-
electric properties of single crystal Bi nanowires
have attracted considerable attention because of the
guantum size effect (QSE). In a semimetal, the QSE
causes the conduction band and the valence band to
break up into subbands whose numbers correspond
to discrete values of the wave vector along the
“quantizing” dimension. By introducing a quantum
confinement, a semimetal — semiconductor transition
can be achieved [1]. Due to a long electron mean
free path (m.f.p.) le (~ 100 nm at room temperature)
and a very large Fermi wavelength A (40-60 nm),
material Bi is the best candidate to study the classi-
cal and quantum size effects for the object size com-
parable to I, and A [1-9].

In [10, 11] a significant increase in thermoelec-
tric efficiency Z was predicted in quantum Bi-wires
at the semimetal — semiconductor transition due to
the QSE. In the thermoelectric figure of merit

a :<12_ch o is the electrical conductivity, o is the
x
Seebeck coefficient (thermopower), y — = ketk; is
the thermal conductivity (k, k; are the electron and
lattice contributions, T is the absolute temperature).
An approach to increase Z is to increase the den-
sity of states near the Fermy level at the size quan-
tized and to decrease thermal conductivity due to an
additional strong phonon scattering on the surface of

guantum Bi nanowire walls [1, 10, 11]. Single-
crystal wires are required so as to observe the QSE.

The galvanomagnetic size effect (GMSE) was
studied theoretically and experimentally in bismuth
wires with d > 200 nm, prepared by various methods
[3, 6-10]; in particular, its occurrence in p(H), (HJ|I)
is in fairly good agreement for both individual Bi
wires and nanowire arrays.

As for the thermoelectric power, the available
experimental results obtained in most cases on Bi
nanowire arrays embedded in a porous Al,O; dielec-
tric matrix are very contradictory [12-14] and differ
not only quantitatively but also qualitatively. This is
probably due to some variation in the diameter of
nanowire arrays, filling of pores Al,O3; as well as to
the presence of uncontrolled structural defects, espe-
cially in establishing contacts, because the length of
the nanowire arrays is less than 200 um.

The most suitable material to study the QSE and
GMSE is strictly cylindrical single-crystal Bi wires,
die-cast from the liquid phase in a glass envelope
with a length of a few mm [6, 8, 9].

In this paper we report the dimensional features
in the magneto-field dependences of resistance and
thermopower in longitudinal and transverse magne-
tic fields up to 14T for single crystal Bi wires with
diameters of 250 nm and 75 nm (at the semimetal —
semiconductor transition due to the QSE).

In weak magnetic fields, Hma, the maximum in
the longitudinal magneto-resistance (LMR) R(H),

© Nikolaeva A., Konopko L., Huber T.E., Para Gh., and Tsurkan A., Dnexrponnast 06paborka matepuanos, 2014, 50(1), 51-56.



corresponds to the “cutoff” magnetic field of SdH
oscillations at 4.2 K. With decreasing diameter of
the wires (d < 80 nm) this maximum disappears and
magneto thermopower achieves the maximum posi-
tive value at 20-30 K.

It is for the first time that the effect of the nega-
tive magneto-resistance in a transverse magnetic
field (TMR) due to the QSE has been observed. The
power factor a’c and its dependence on the diame-
ter, magnetic field and temperature were calculated
from the experimental data.

SAMPLES AND EXPERIMENT

Individual glass-coated Bi wires with the diame-
ter < 100 nm were prepared by the high frequency
liquid phase casting (the improved Ulitovsky-Taylor
method) [6, 8, 9].

The orientation of the wires was verified by the
X-Ray diffraction. Studies on the Diffractometer
Xcalibur-E reveal that the investigated wires are sin-

gle crystals and have the (1011) orientation along the

wire axis (Fig. 1, inset). In this orientation the wire
axis makes an angle of 19.5° with the bisector axis
C; in the bisector-trigonal plane. The trigonal axis
Cs is inclined to the wire axis at the angle of 70°, and
one of the binary axes C, is perpendicular to it
(Fig. 1, inset).

160
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wyoy o

90 150
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Fig. 1. Angle diagrams of transverse MR R(0) (H.LT), of Bi

wires at 100K, H=1T.1-d=75nm; 2 —d = 250 nm. Inset:

Schematic drawing the three Fermy surface electron pockets L

and T hole pocket. The orientation of (1011) and Bi wire is also

indicated.

Figure 1 shows the rotation angular diagram of
the transverse magneto-resistance (ADTMR) R(6)
Bi wires with d = 75 nm and d = 250 nm at 100K.
The curves qualitatively correspond to the similar
ADBMR for bulk single crystal Bi samples for the
case where the current is directed along the bisector
axis [15]. In weak magnetic fields ADBMR curves
have a simple bell-shape with a periodicity of 180°.
The maximum on the R(8) (6 = 90°) corresponds to
H||C, and the minimum (6 = 0° = 180°) corresponds
to the situation when the wire axis, the crystal-
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lographic Cs axis and the vector H are in one plane,
and the angle Z HC; ~ 20°.

Electrical contact in the butt-end of the wire to
the copper foil was performed either by a fusible
solder (58°) or by In or InGa-eutectics (low melting
alloys). The type of the contact solder did not influ-
ence the results of measurements.

For investigations in the transverse magnetic
field, a special device was applied, which allows
rotating the sample in two directions: L and || to the
magnetic field. The TMR (H_L1) was measured at
6 = 0 (Fig. 1, inset). Measurements of the LMR
(H||1) and TMR (H _L 1) were carried out in a super-
conducting solenoid field up to 14 T in the tempera-
ture range of 1.5-300K in the International Labora-
tory of High Magnetic Fields and Low Temperatures
(Wroclaw, Poland).

RESULTS AND DISCUSSION

The semimetalic Bi wires with a diameter of
250 nm exhibit Shubnikov de Haas (SdH) oscil-
lations. Figure 2 (inset) shows SdH oscillations on
the magneto-resistance R(H) (derivative dR/8H(H))
in longitudinal orientations HJ|I||C; of Bi wires, with
d =250 nm.

R’l"Rmo/ Rsoo

100

0 50 150 250 300
T, K
Fig. 2. Temperature dependences residual resistance
AR~ _ R =Ry (T) of single Bi nanowires: 1 — d = 75 nm;
R (M="R
300

2 —d = 250 nm. Inset: Field dependences of LMR derivative
S8R/6H(H) of Bi wire (d = 250 nm) at T = 2.1K and 4.2K and
dependences of quantum number n of SdH oscillations on re-
verse field H™.

The SdH oscillations are periodic in 1/H, with a
period of A(1/H) = 2=eh/cS, which is inversely pro-
portional to the extreme cross-section S of the Fermy
surface in the plane normal to the magnetic
field H.

In the longitudinal magnetic field (H||I), there are
three different extreme cross sections S (cross-
hatched in Fig. 1, inset) and three respective SdH
oscillation periods: 1 - A, = 7-10° Oe™ from one
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electron ellipsoid L; of a smaller size S,
2 — A, = 3.2.10° Oe™ from two equivalent electron
ellipsoids of a larger size S5, 3 — Az = 0.5-10 Oe™*
from the hole ellipsoid Stz (Fig. 2, inset). The
oscillations are in good agreement with those
determined from bulk single crystals [16].

The Dingle temperature was determined from the
dependences of the SdH oscillation amplitude versus
the magnetic field at 2.1K. The Dingle temperature
To = b/xgt, where © = l/vg = em+/hxe is the carrier
relaxation time. In our 250 nm Bi wire Tp ~ 1K [6].
This suggests that the investigated single Bi wires
have very high structural perfection.

Figure 2 shows temperature dependences of the
residual resistance A—RCF): Rr — R M of Bi wires
R R

300
with d = 250 nm and d = 75 nm. For wires with
d = 75 nm, a semiconducting behavior of R(T) is
observed; it indicates the semimetal-semiconductor
transition due to the QSE. The temperature depen-
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Fig. 4. Longitudinal thermopower (H||AT) as function of mag-
netic field at various temperatures (temperatures indicated) Bi
wire, d = 250 nm. Inset: Magnetic field dependences (H||I) of
P.f. = a’c(H) for various temperatures calculated from Figs. 3,
4 of Bi wire, d =250 nm. 1 - T = 13K; 2 - T = 25K;
3-T=98K.
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Fig. 6. Longitudinal thermopower (H||AT) as function of mag-
netic field at various temperatures (temperatures indicated in
Fig. 5) Bi wire, d = 75 nm. Inset on the right: Peak position
Hmax as function of temperature T. Inset down: Magnetic field
dependences (H||AT) of P.f. = ac for various temperatures
calculated from Figs. 5, 6 of Bi wired = 75 nm. 1 - T = 5K;
2-T=10K;3-T=20K;4-T=57K;5-T =100K.

dence AR/R(T) for the wire with d = 250 nm charac-
terizes the transition from bulk bismuth to size-
dimensional wires [6, 9].

Figures 3-6 show field dependences of LMR
AR/R(H) and longitudinal magneto-thermopower
(LMTP) o(H) of Bi wires with d = 250 nm
(Fig. 3, 4) and d = 75 nm (Fig. 5, 6) in a temperature
range of 1.5-100K. A specific feature of LMR in Bi
wires is the presence of a maximum in R(H) in weak
magnetic fields, which depends on the wire diameter
and negative magneto-resistance in strong magnetic
fields. Magnetic fields change the trajectory of the
carriers, which leads to a change in the electrical
conductivity of metals placed in an external magne-
tic field. The nature of the electron motion in weak
and strong magnetic fields is very different. In a
weak magnetic field, the Larmor radius r_ of the
electron orbit r. = p,c/eH is superior to the mean
free path r_ > I, (p. is the component of the Fermi
momentum vector perpendicular to the magnetic



field H; m.p.f. evaluated in our paper [9]) and, be-
tween the successive acts of scattering, an electron
moves along a short arc trajectory. In this case, the
electron motion under the influence of an applied
electric field is the same as in the absence of a mag-
netic field. Electrons, due to the curvature of the tra-
jectory in the magnetic field, can reach the surface
and be additionally scattered on the surface. In a
strong magnetic field (uH >> 1), the electron has
time to make several complete cycles of motion
without scattering, and in this case r. < 1.

As mentioned previously [3, 4, 6] in the wires
with 200 nm < d <1 pm, the dependence of
Hyax ~ d™*. The Fermi momentum P was calculated
from the dependence

H,. :%C, 1)
e
_GeM gy ggmgiom
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In the redistribution of the measurement, an error of
Pr calculated from (1) coincides with the value of
Pe, obtained from SdH oscillations from the two
electron ellipsoids L, 3 symmetrically arranged with
respect to the wire axis (inset in Fig. 1). The pres-
ence of the maximum Hp,y in weak magnetic fields
and negative magneto-resistance in strong magnetic
fields testify to the occurrence of the GMSE in Bi
wires. Later Dresselhaus [10] observed a similar be-
havior on Bi nanowire arrays.

In the wires with d = 75 nm, the maximum of the
longitudinal magneto-resistance at 4.2K was absent
(Fig. 5, curve 1), indicating that there is a very small
contribution to the conductivity of the L carrier, or
none at all, due to the absence or reduction of the
overlap of L and T bands because of the QSE.
However, with increasing the temperature to a cer-
tain T value, depending on the wire diameter d (in
this case, T = 13K) in weak magnetic fields, R(H)
exhibits the maximum, the behavior of which with a
further rise in temperature T is similar to the beha-
vior of Hpx(T) in the Bi wires with d = 250 nm. At
T > 40K, Hpax is shifted towards higher temperatures
according to the law close to linear (inset in Fig. 5).
Apparently, an increase in temperature results in the
diminishing of the forbidden band for semiconduc-
tors or of a band overlapping for semimetal propor-
tionally T, promoting the appearance of L carriers
and increasing their contribution to the conductivity.

As shown in [2] and subsequently widely used in
[17], especially at high temperatures, in order to
explain the anomalous peak of the LMR in wires and
films at higher temperatures, the following expres-
sion should be used:

— 2PF

2
= o ()

H
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where | is m.p.f., i.e. in the maximum m.f.p. 1 =d. In
this case, the temperature dependence of Hpa at
R(H) (H | 1) becomes clear. In fact, it represents the
temperature of a carrier mobility u in Bi wires, and
the maximum of R(H) separates strong and weak
magnetic fields (uH <1 and puH > 1).

In the longitudinal configuration, the magneto-
thermopower a(H) also exhibits its maximum in low
magnetic fields (Fig. 6) and generally shows the
same trends as the Hyax on R(H).

In the wires with d < 100 nm, the dependence of
the maximum Hp(T) on the longitudinal thermo-
power o(H) (H || AT) is nonmonotonic (inset in
Fig. 7). At T > 20K, the maximum is shifted to the
area of strong magnetic fields under the law close to
linear, as in the wires with d = 250 nm.
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Fig. 7. Magnetic field dependences of transverse MR (H.I,
H||C5) of Bi wire, d = 75 nm for various temperatures (tempera-
tures indicated). Inset: Magnetic field dependences MR
Ru/Ro(H) in initial magnetic field.

In a transverse magnetic field HLI, AT, H||Cs
(6 = 0 point on curve 1 in Fig. 1) in Bi wires with
d = 75 nm, we have been first to observe the effect
of a negative magneto-resistance at T < 5K associa-
ted with the quantum size effect [18, 19], which oc-
curs only in Bi wires with d < 80 nm. At the same
time, the field dependence of the thermoelectric
power o(H) exhibits a maximum positive polarity,
which decreases and shifts to the low magnetic field
with increasing temperature (inset in Fig. 8). In
strong magnetic fields, the thermoelectric power
changes its sign from positive to negative and the
point of the sign change is shifted in the region of
weak magnetic fields according to the conclusions of
the theory, taking into account the QSE [19].

Complex experimental studies of the resistance
R(H) and thermopower o(H) of Bi wires with
d = 250 nm and d = 75 nm at different temperatures
made it possible to calculate the Power factor
P.f. = oo and its dependence on the value and di-
rection of the magnetic field at various temperatures.



Figures 4, 6 and 8 (insert) show the P.f. as a func-
tion of a magnetic field at various temperatures for
wires with d = 250 nm and d = 75 nm. At the tem-
perature of 100K, the maximum value of
P.f. = 1.10" W/cm-K? at H = 2 T is achieved for Bi
wires with d = 250 nm. At T = 25K, the maximum
value P.f. = 8.0-10* W/cm-K*> at H = 5 T is ob-
served. In the transverse field HLAT, H||C; P.f. is
almost of an order of a magnitude smaller due to a
sharp rise in the positive thermopower in a trans-
verse magnetic field.
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Fig. 8. Transverse magneto thermopower (HLAT, HJ|C3) as
function of magnetic field at various temperatures Bi wire,
d =75 nm. Inset left: Peak position Hy,, as function of tempera-
ture T. Inset right: Field dependences (H_L1) P.f. = a%c(H) calcu-
lated from Figs. 7, 8 for various temperatures (temperatures
indicated in Fig. 7).

It is known that in bulk Bi samples of trigonal
orientation, in a temperature range of 100-150K, the
thermopower has a negative value and increases
2-fold in magnetic fields < 1T. The effect was used
in the magneto-thermoelectric power converters.

It should be noted that in Bi wires (d < 300 nm),
the thermopower is positive at T < 100K, which is an
important factor for thermoelectric applications be-
cause for the n-branches of the thermoelectric en-
ergy converter alloys, Bij4Shy are usually used, and
the creation of p branches at low temperatures is
problematic.

CONCLUSIONS

Single-crystal wires in glass cover with diameters
of 250 and 75 nm have been prepared and their
magneto thermoelectric properties investigated. As a
result, a semimetal-semiconductor transition has
been observed due to size quantization of the energy
spectrum. It is shown that field dependences of the
longitudinal and transverse magneto-resistance and
thermopower contain singular points characterizing
the expression of the GMSE and the QSE, and con-
tain information on the parameters of the energy
spectrum and on the charge carrier mobility. It is for
the first time effect of the negative magneto-
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resistance in a transverse magnetic field, due to QSE
on 75 nm Bi wires has been observed. It is also
demonstrated that in quantum Bi wires the ther-
mopower is positive, significantly increases at low
temperatures and heavily depends on the wire dia-
meter d. In addition, a significant increase in the
positive thermoelectric power in the presence of a
longitudinal magnetic field has been observed. The
studies carried out by the authors are important not
only for fundamental physics of one-dimensional
structures, but also for device applications in ther-
moelectricity.
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Pedepar

B pabote mpuBeneHBI pe3yIbTaThl K3MEPCHUN MarHu-
TO-TEPMOIJICKTPHUUCCKUX CBOWCTB MOHOKPHCTAJLTHYCC-
kux HaHoHute# Bi ¢ quamerpamu 75 um u 250 HM B 1po-
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JIOJIHOM W TIONEPEYHOM MarHuTHoOM mofisix 70 14 T B
unrepBane remneparyp 1,5-300K. Hunmunnpuueckue Hu-
TH Bi B CTeKIAHHOW 000J0YKE W3rOTABIMBAIUCEH JTUTHEM
n3 XKuaKo ¢aspl. TemrepaTypHble 3aBUCHMOCTH COIPO-
tupneHus R(T) MOKasbIBAIOT MEpexoi OT «MeTayuThye-
CKOW» K «IOJYHPOBOHUKOBOH» 3aBUCHMOCTH Oiaroniaps
NPOSIBIICHUIO KBaHTOBOTrO pasmepHoro sddexra (QSE)
Opy yMeHbLIeHHH auaMerpa Huted Bi menee 80 HM.
Briepsrie oO6HapyxeH 3¢ ekt oTpunaTensHOr0 MarHUTO-
CONPOTHBIICHHS B IONEPEYHOM MArHHTHOM IIOJIEe, CBS-
3aHHBIN C TIPOSIBIEHHEM KBaHTOBOTO pa3MepHOro 3ddex-
Ta B HUTAX ¢ 0 < 75 M. TepMo31c UyBCTBUTENbHA K AUA-
MeTpy HUTel d ¥ 3HAYMTETBHO BO3PACTALT B C1a00M Mpo-
JIOJIBHOM MarHuTHoM moiie. [lojeBbie 3aBUCHMOCTH TPO-
JIOJIBHOTO M TIOTIEPEYHOr0 MAarHUTOCONPOTHUBIICHHUS HMe-
I0T OCOOCHHOCTH XapaKTEepHU3YIOILIHe IPOsBICHUE KBaH-
TOBOTO ¥ TaJbBAaHOMAarHUTHOTO Pa3MEpHBIX 3(QEKTOB,
KOTOpBIE CO/IepKaT MH(GOPMAIMIO O MTapaMeTpax dHepre-
THUYECKOTO CIIEKTpa W TIOABM)KHOCTH HOCHTENICH 3apsia.
OO6cyxmaeTcss BOIPOC MOBBIIICHUS TEPMOIJICKTPUIECKOI
s¢dexTrBHOCTH B HaHOHHUTAX Bi. M3 sKcrepuMeHTAab-
HBIX JAHHBIX PACCUMTEHIBANICS CHIIOBOH (akTop a’c B 3a-
BHCUMOCTH OT [HaMeTpa, HHUTEeH, MarHUTHOTO MOJA U
TeMIIepaTyphl.

Kniouesvie cnosa. HaHOHUmMu 8ucMymda, mepmo-
ANEKMPULECTNBO, KBAHMOBHII pA3MEPHBIIL dhpexm.
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Role of Cadmium on Corrosion Resistance
of Zn-Ni Alloy Coatings
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Cadmium (Cd) catalyzed Zn-Ni alloy plating has been accomplished galvanostatically on mild steel
(MS) using gelatin and glycerol as additives. The effect of addition of Cd into Zn-Ni bath has been
examined in terms of nickel (Ni) content and corrosion resistance of Zn-Ni-Cd ternary alloy coatings.
The process and product of electrolysis under different concentrations of additives and Cd have been
investigated by cyclic voltammetry (CV). The effects of current density (c.d.) on Ni content of the al-
loy have been studied by spectrophotometric method, supported by EDX analysis. The deposition has
been carried out under different concentrations of Cd ranging from 0.004 to 0.1M. The corrosion rates
(CR) of Zn-Ni alloy coatings have been found to decrease drastically with addition of Cd. It has been
also revealed that the CR of binary Zn-Ni alloy coatings decreased with the increase of Cd concentra-
tion only up to a certain optimal concentration, i.e., up to 0.02M, and then remained unchanged. An
effort to change the anomalous type of codeposition into normal one by changing the molar ratios of
the metal ions, i.e. [Cd**]/[Ni*"] as 0.01, 0.05 and 0.25 has remained futile. CV study demonstrated an
important role of Cd in mutual depositions of Zn*? and Ni*? ions by its preferential adsorption, thus
leading to the increased Ni content of the alloy. The bath composition and operating parameters have
been optimized for deposition of bright and uniform Zn-Ni-Cd alloy coatings. Changes in the surface
morphology and phase structure of Zn-Ni alloy coatings due to addition of Cd has been confirmed by
Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) study respectively. Experimental
investigations so as to identify the role of Cd in codeposition Zn-Ni alloy coatings have been carried

out and the results are discussed.

Keywords: Zn-Ni-Cd alloy, glycerol, corrosion study, XRD, SEM.
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INTRODUCTION

Electrodeposition of Zn-based alloys (both binary
and ternary) are gaining interest in the automotive
industry due to their higher corrosion resistance than
pure Zn coating. Zn is a very active metal due to its
low standard electrode potential [E® = -0.76V vs.
Normal Hydrogen Electrode, NHE]. It is well known
that proper alloying of any metal can improve its
properties such as hardness, mechanical strength,
wear resistance as well as corrosion resistance [1].
Zn-Ni alloy deposition is known for a peculiar
anomalous type of codeposition, where the less no-
ble Zn deposits more readily compared to the nobler
Ni as explained by Brenner [2]. This unusual behav-
ior was accounted for “hydroxide suppression mec-
hanism”. According to which Zn(OH), precipitate at
the cathode (due to local increase of pH) prohibits
the deposition of nobler Ni [3, 4]. This phenomenon
is found to be true in codepositions of all Zn-Fe
group metal alloys and mutual alloys of Fe-group
metals.

The Zn-Ni alloy coatings obtained by electrode-
position having higher percentage of Ni, varying
between 8% and 14% by wt., was found to exhibit
better corrosion protection (five to six times superi-
or) compared to that of pure Zn coatings [5-8]. Ad-

ditives are extremely important in electroplating of
metals and alloys as they influence the grain size,
deposition pattern and the composition of the alloy
[9]. Soares et al. have studied electrodeposition of
Zn-Ni alloy using gelatin [10]. They noticed that an
increase in the concentration of gelatin heightened
the deposition efficiency and the Ni content of the
alloy. On the other hand, Pedrosa et al. used glycerol
as an additive in the deposition of Zn-Ni alloy and
studied the effect of glycerol content on cathode cur-
rent efficiency (CCE) [11]. They declared that the
CCE and corrosion stability of the coatings were
found to be changed drastically with addition of
more glycerol by hindering the hydrogen evolution
during reduction of metal ions. Albalat et al. showed
that Zn-Ni alloy coatings with even a low Ni con-
tent, but in the presence of particular additives, can
improve the surface homogeneity and corrosion sta-
bility of the coatings to a large extent [12].

The presence of high percentage of nickel in
Zn-Ni alloy provides higher barrier resistance.
Howe-ver, these coatings with Ni content, i.e.
8-20% Ni, exhibit rough, non-uniform and unattrac-
tive finish. Hence certain brightener systems, either
individually or in combination, need to be developed
for bright and uniform coatings [13]. Attempts are
still in progress to decrease the anomaly of codepo-
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sition observed in Zn-Ni alloys either by introducing
some inert species in the deposits or by going for
ternary alloy coatings [14]. The electrodeposited
ternary alloys such as Zn-Ni-Co were found to ex-
hibit higher corrosion protection compared to both
binary Zn-Ni and Zn-Co alloy coatings [15-17].
Cadmium (Cd) has been widely used in aerospace,
electrical and fastener industries due to its excellent
corrosion resistance and other engineering attributes.
But environmental concerns on its toxicity and the
failure in the structure, due to hydrogen embrittle-
ment phenomenon, made it to go for some alterna-
tive met-hods.

The Cd coating developed on the hard steel was
found to enhance the cathodic current efficiency and
retard the Zn deposition with increasing current den-
sity and temperature [18]. Addi et al. attempted to
reduce the anomalous codeposition of Zn-Ni alloy
using boric acid and Cd. CV study demonstrated that
the presence of boric acid and Cd in sulfate bath re-
duced the Zn deposition by shifting the reduction
peak of Ni to more negative potentials and increas-
ing the peak height. By reducing the Zn-Ni ratio
with the addition of Cd, the barrier property of the
steel surface has been increased drastically. A large
reduction in the corrosion current, due to increase in
the Ni content of the deposit, was achieved [19-21].
The corrosion resistance of alloy was found to be
dependent on the noble metal content of the deposit
[22]. Kim et al. have developed an alkaline Zn-Ni-
Cd bath for good coatings of high Ni content [23].
Hence in the light of the above investigations this
paper considers the catalytic role of Cd in elect-
rodeposition of Zn-Ni-Cd, in the presence of gelatin
and glycerol as additives, while improving the Ni
content and corrosion stability of the coatings. Com-
parison of binary and ternary alloy coatings in terms
of surface morphology, phase structure and corro-
sion stability has been made and results are dis-
cussed.

MATERIALS AND METHODS

Acidic baths with ZnCl,, NiCl,, CdCl, (as metal
salts), NH,CI (as conducting salt), boric acid (as
buffer), gelatin + glycerol (as additives) were used.
Gelatin and glycerol were used in combination in
order to control the deposition rate, crystallization,
leveling and brightness of the deposit. Due to a very
high molecular weight of gelatin, its content in the
plating baths in the present study is in concentrations
that were several orders of magnitude smaller than
the concentrations of metal ions. The plating solu-
tions were freshly prepared with distilled water and
filtered through Whatmann™ laboratory grade filter
paper. Electroplating of mild steel (MS) plates was
done at pH = 4.0 and T = 303+2K, for either 10 min
or 20 min (the former time — for corrosion study, the

latter — for determination of chemical composition
and CCE. The bath pH was monitored regularly and
adjusted when necessary. The polished MS plates
had an exposed surface area of either 7.5 or 25 cm?
(the former — for the corrosion study) and served as
a cathode. They were degreased with an alkali
cleaner prior to coating. The gelatin being insoluble
in cold water was dissolved in hot water and then
poured into the bath. The gelatin was found to show
significant effect on deposition process as proved by
the CV study.

No nitrogen purging was done for electrolytic so-
lution. The Hull cell method was used to examine
the effect of additives and variation in molar concen-
tration of Cd. The Hull cell study made it necessary
to limit the applied current density (c.d.) within
1.0-4.0 Adm?, which yielded coatings with different
appearance (porous/powdery/semi-bright/bright for
Zn-Ni alloy and blackish/semi-bright/bright for
Zn-Ni-Cd alloy). The bath composition and operat-
ing parameters of binary Zn-Ni and ternary
Zn-Ni-Cd alloy baths were achieved by Hull cell
method, and the data are given in Table 1. The CCE
or Faradaic efficiency was calculated using the mass
gained, the charge transferred and the chemical
composition of the deposit:

measured mass gain
CCE= _ gam
theoretical mass gain

w wF o
_WXIOO—TZ M. x100.

F

100 =

Where w is the measured mass of the deposit in
grams, t is the time of deposition, I is the current
applied. EW is the equivalent weight of the alloy
(g equiv™®), ¢; is the weight fraction of the element in
the alloy deposit, n; is the number of electrons trans-
ferred per atom of each metal, m; is the atomic mass
of that element and F is the Faraday constant
(96,485C mol™).

All chemicals used in the present study are of
Analytical Grade. Double distilled water was used
for the preparation of electrolyte solutions. The ef-
fect of the additives (gelatin and glycerol) and Cd, at
different molar concentrations, were studied by CV
using a three-electrode cell. The deposition was car-
ried out on a pure platinum foil as a working elec-
trode to eliminate noise. It is confirmed that once
several nanometers of coating material are deposi-
ted, the substrate no longer has any effect on the
deposition process [24]. Before carrying out each
experiment the electrodes were cleaned and activa-
ted by immersing in dil. HNO; solution for several
minutes. The experiments were carried out in a still
solution without disturbing. The saturated calomel
electrode (SCE) was used as the reference electrode.
The potential scan began at around +1.1V in the po-
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sitive direction, upto +2.7V. Then, the scan rate re-
versed back in the negative direction, down to 2.5V
whereas -3.5V, in the presence of Cd, finally rever-
sing back in the positive direction up to +2.7V.

The thickness of the coating was estimated by
Faraday’s law and verified by measuring in Digital
Thickness Meter (Coatmeasure Model M&C, AA
Industries/Yuyutsu Instruments). The hardness of
coatings was measured using Digital Micro Hard-
ness Tester (CLEMEX). The compositions of alloys
were evaluated by the spectrophotometric method as
in [25]. The corrosion behavior of the coatings, hav-
ing 7.5 cm? active surface area, has been studied in
5% NaCl at 298 K (ACM Instruments, Gill AC Se-
ries No-1480). The electrochemical impedance spec-
troscopy (EIS) study was made in the frequency
range of 100 kHz-10 mHz, and corresponding
Nyquist plots were analyzed. The potentiodynamic
polarization study has been carried out at the scan
rate of 1 mV/s, in a potential ramp of + 250 mV
from OCP. The corrosion resistance of coatings was
evaluated by Tafel’s extrapolation method [26]. The
surface properties of the coatings were studied by
means of SEM (Model JSM-6380 LA from JEOL,
Japan) interfaced with EDX. The phase structures of
alloy coatings were identified by XRD (JEOL JDX-
8P), using Cu Ka (A=1.5406 A) radiation in a con-
tinuous scan mode at the scan rate of 2°min™.

RESULTS AND DISCUSSION
Hull cell study

The Hull cell method is the most elegant ap-
proach for optimization of the operating parameters
like c.d., temperature, pH and bath composition in
terms of salt concentration and additives for a bright
and uniform deposit [27]. The optimal bath ingredi-
ents and operating parameters of binary Zn-Ni and
ternary Zn-Ni-Cd alloy baths are given in Table 1.

Table 1. Bath composition and operating parameters for
deposition of bright Zn-Ni and Zn-Ni-Cd coatings on MS

Bath ingredients (g/L) Zn-Ni Zn-Ni-Cd
ZnCl, 27.2 27.2
NiCl,-6H,0 94.9 94.9
H3BO; 27.7 27.7
NH,CI 100 100
CdCl, - 2.2
Gelatin 5.0 5.0
Glycerol 2.5 2.5
Bath pH 4 4
Bath Temp.(K) 303 303

The deposit characters such as composition,
hardness, thickness, appearance and corrosion be-
havior of binary Zn-Ni and ternary Zn-Ni-Cd alloy
coatings deposited at different c.d.’s, from specified

optimal baths are reported, respectively, in Table 2
and Table 3.
Cyclic voltammetry study

The CV study was carried out so as to get the
preliminary information about the deposition and
dissolution process of the alloy in the pre-
sence/absence of additives and Cd. Fig. 1 shows the
CV for deposition and dissolution of the alloy under
various conditions mentioned therein. It may be ob-
served that cathodic peaks are profoundly influenced
by the presence of additives and of Cd at different
concentrations. The preliminary CV study with only
additives revealed that they are electrochemically
inactive. The CV for only metal ions, the potential
scan started at around 2.7 V signaled the deposition
of Zn(I1)-Zn(0) at -1.15 V followed by an evolution
of hydrogen at still negative potential. No specific
dissolution peak was observed in cyclic voltammo-
gram corresponding to an alloy without additives
(Fig. 1a).

However, on addition of additives, a distinct
anodic peak was observed as shown in Fig.1b, corre-
sponding to the dissolution of Zn-Ni alloy having
v-Zn (411, 330), Zn (101) and Zn (103) phase struc-
tures. Further, addition of a small amount of Cd
(0.004M) into the electrolytic bath has changed the
nature of CV by shifting the peak anodic potential to
a more noble side as shown in Fig. 1c, indicating the
formation of Zn-Ni-Cd alloy having different XRD
patterns. This observation is supported by increased
Ni content of the ternary alloy as depicted in
Table 3.

Increase of Cd concentration in the bath, i.e. to
0.02M, resulted in decrease of the anodic current
corresponding to the dissolution of the alloy having
11.95% wt. Ni. However, further addition of Cd into
the bath led to the coating showing lowest corrosion
protection, signaled by a shorter anodic peak as
shown in Fig. le. Hence, a ternary Zn-Ni-Cd alloy
corresponding to 0.02M Cd, demonstrating the least
CR, was taken as optimal concentration as shown in
Table 1. The CV response was found to be discou-
raging on further addition of Cd into the bath
(Fig. 1e). It may be attributed to an excessive ad-
sorption of Cd, which blocks the active sites of the
cathode surface and inhibits the electrocrystallisation
of Ni as well as Zn ions [19, 24]. Thus CV study
revealed that addition of gelatin + glycerol has im-
proved the homogeneity and brightness of the depo-
sit, while Cd ions catalyzed the deposition of Zn-Ni
by increasing the Ni content only at minimal con-
centration. Thus addition of Cd into the bath plays a
specific role in improving the corrosion resistance of
the ternary alloy, consequent to its Ni content.

The CV study on electrodeposition of Zn-Ni-Cd
alloy revealed that depositions of Zn and Cd are
mass-transfer controlled while nickel is kinetically
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Table 2. Deposit characters of binary Zn-Ni alloy coatings developed from optimized bath at different c.d.’s

C.d. Wt. % | CCE | Hardness Nature of Thickness Ecorr icorr CRx1072
(Adm?) | of Ni (%) VHN deposit (um) | (VIVSSCE| (uAcm?) (mmy™)
1.0 2.62 90.1 146 Porous/powdery 5.8 1.019 17.62 23.42
2.0 4.05 91.5 153 Semi-bright 104 1.086 13.87 18.44
3.0 7.95 92.4 202 Bright 17.8 1.105 10.88 14.46
4.0 8.07 90.5 184 Semi bright 23.2 1.162 12.53 16.66

Table 3. Deposit characters of ternary Zn-Ni-Cd alloy coatings developed from optimized bath at different c.d.’s

C.d. Wt.% Hardness CCE Nature of | Thickness Ecorr icorr CRx107?
(Adm™) of Ni (VHN) (%) deposit (um) (Vivs | (MAcm?®) | (mmy?)
SCE)
1.0 11.82 154 91.15 Black 7.3 1.098 2.71 3.93
2.0 6.15 169 92.10 Semi-bright 114 1.072 2.60 3.77
3.0 11.95 236 94.18 Bright 17.9 1.125 0.74 1.06
4.0 13.22 188 91.61 Semi-bright 21.8 1.145 2.69 3.90
0.5
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Fig. 1. Cyclic voltammetric study for deposition and disso-

lution of Zn-Ni alloy in presence of additives, and Cd ions at

different molar concentrations at 303 K.
controlled [28]. Therefore, addition of Cd into the
bath has a significant effect on the nature of cyclic
voltammogram represented by curves b, ¢, d and e in
Fig. 1, in terms of anodic peak currents/potentials.
This may be explained by low reduction potential of
Cd compared to that of Zn, and by a low equilibrium
potential (or high activation over potential) of Ni for
depositing at room temperature. Hence, Cd and Ni
content (in the deposit) dominates over Zn at low
concentrations [24]. For the same reason, the deposi-
tion c.d. and concentrations of Cd*? ions largely af-
fect the composition of the deposit and hence its
properties.

Compositional analysis of coatings

The composition of Zn-Ni and Zn-Ni-Cd alloy
coatings deposited at different c.d’s were analyzed
by colorimetric method by stripping the deposit in
dil. HCI [29]. This was further confirmed by Energy
Dispersive X-ray analysis (EDXA) shown in Fig. 2.

Effect of Cd on Ni content of the ternary alloy

Bright and uniform Zn-Ni coatings having 7.95%
Ni were obtained at 3.0 Adm™ The Ni content of

Fig. 2. EDX spectrum showing relative amount of M (Zn, Ni and
Cd) in Zn-Ni-Cd coatings, deposited at 3.0 Adm under condition
of 0.02M CdCl,.

binary Zn-Ni alloy was found to increase with ap-
plied c.d., i.e., from 1.0 Adm™ through 4.0 Adm?,
showing an anomalous type of codeposition
(Table 2). In addition, the Ni content of Zn-Ni-Cd
coatings over a wide range of c.d. (under optimal
bath condition) has been studied and results are re-
ported in Table 3. It may be noticed that the ternary
bath showed similar behavior as binary bath, except
for an increase of Ni content in the deposit. It may
be attributed to the codeposition of Zn and Ni cata-
lyzed by Cd*? ions.

The effect of addition of CdCl, over a range of
c.d., on the composition of Zn-Ni-Cd alloy has been
studied. The [CdCI,] varied from 0.004M through
0.1M, while concentration of ZnCl, and NiCl,-6H,0
were fixed as 27.2 and 94.9 g/L, respectively. The
bath pH was maintained at 4.0, and depositions were
carried out at 303 K. Variations in Ni content with
Cd concentration, i.e. 0.004M, 0.02 and0.1M CdCl,
including the one without Cd, are shown in Fig. 3.

It may be noted that wt. % Ni in the deposit in-
creased with the addition of Cd only up to a certain
level (0.02M) and then decreased. Further, under no
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Fig. 3. Variation of Ni content at different molar concentrations

of Cd: (a) without Cd;(b) 0.004M;(c) 0.02M and (d) 0.1M (ho-

rizontal lines represented by a', b*, ¢! and d* show correspon-

ding Ni content in the bath as calculated from bath composi-

tion).
conditions of c.d.’s and CdCl, concentrations, the Ni
content of the deposit has reached that in the respec-
tive baths (represented by horizontal lines) as shown
in Fig.3. Addition of a tracer amount of CdCl, in-
creased the Ni content of the alloy at high c.d. in
relation to the one without Cd as shown in Fig. 3. It
can be accounted by the fact that adsorbed Cd*? ions
inhibited the preferential deposition of Zn, thereby
suppressing the anomalous codeposition (or favoring
the normal deposition).Thus Cd*? ions suppressed
the anomalous type of codeposition by retarding the
deposition of Zn. In other words, Cd*? ions catalyzed
the Ni deposition.

Variation in M content at different
concentrations of CdCl,

The concentrations of Cd*? ions and applied c.d.
were found to largely affect the composition, i.e., Ni
content, and properties of the coatings. With this
incentive, the M content (Zn, Ni and Cd) of
Zn-Ni-Cd alloy over a range of c.d. has been stu-
died, keeping CdCl, as 0.02M. The variation of M
content as a function of deposition c.d. is shown in
Fig. 4. It may be noted that due to preferential ad-
sorption of Cd*? ions, even a small amount of CdCl,
(2.2 g/L) decreased the Zn content of the alloy by
allowing the normal codeposition (with no hydro-
xide suppression mechanism) [2]. This is evidenced
by high Cd content of the alloy over the entire range
of c.d., compared to that in the bath as shown in
Fig. 4. This is not observed in relation to the code-
position of Ni and Cd, instead, it followed anoma-
lous type of codeposition. Hence it may be conclu-
ded that the preferential deposition of Cd is due to
inherent deposition overpotential of Ni. Thus in
presence of Cd, an increase of Ni content in the de-
posit was observed, which increased with c.d. as
shown in Fig. 4.

It may be noted that at low c.d., the wt. % Zn in
Zn-Ni-Cd alloy increased with c.d., while its Ni and
Cd content was decreasing. This increase of Zn is

100 <= gL (With 10 Cd)
5 80 e
°© 7 Ty
& - Ni (in the bath) "+
T 60 A
2 p
£ N
= 404 Zn (in the bath) | S
B 20 -"4.__‘ Cd_‘ _____ 4‘
R - *
L gt - Ni A_.--""‘_
0 Cd (in the bath)
T T T T T T T T " T

1.0 1.5 2.0 25 3.0 35 4.0

Current density, Adm™2
Fig. 4. Variation in metal content, M (Zn, Ni and Cd) in
Zn-Ni-Cd alloy with current density under optimal bath condi-
tions.

due to deposition of more readily depositable metal,
M (Zn). However, as c.d. increased, i.e. at
2.0 Adm™, the Zn content started decreasing indica-
ting the onset of normal codeposition. At extremely
high c.d., i.e. above 3.0 Adm™, the Zn content of the
alloy was found to be less than that of Cd, leaving
Ni to increase slightly, as shown in Table 3. The de-
crease of Zn content at very high c.d. is due to the
suppression of more readily depositable Zn leading
to coating having more Cd and Ni. This observation
once again supports the fact that deposition of Zn
and Cd are mass-transport controlled driven by the
applied c.d., whereas Ni is Kinetically controlled due
to high activation overpotential [24]. The wt. % Zn
in binary alloy (deposited without Cd) was found to
be much higher compared to the one with Cd as
shown in Fig. 4. It shows that Cd*? ions catalyze the
deposition of Ni by suppressing deposition of Zn.

Thickness and hardness of coatings

The thickness of the coatings increased signifi-
cantly with c.d. in both Zn-Ni and Zn-Ni-Cd coa-
tings as reported in Tables 2 and 3. The thickness
was found to have a linear dependency with c.d.,
employed for its deposition as required by Faraday’s
law. The appearance and composition of the coa-
tings were found to be largely influenced by the c.d.,
as exhibited in other Zn-Fe group metal alloys,
namely Zn-Ni, Zn-Co, Zn-Fe and less commonly in
Zn-Mn. Similarly, the hardness of deposits were
found to be increased with c.d. up to a certain level,
and then decreased. This decrease is due to local
alkylation caused by high hydrogen discharge at
cathode.

CORROSION STUDY

Polarization behavior

The electroplated coatings were subjected to the
corrosion study in 5% NaCl solution. The corrosion
data of Zn-Ni and Zn-Ni-Cd alloy coatings deposited
at different c.d.’s, from specified baths, are reported
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in Tables 2 and 3, respectively. Tafel’s extrapolation
method was used to evaluate the corrosion rate (CR),
expressed in mmy™. The polarization behaviors of
Zn-Ni-Cd alloy coatings (only representative) at dif-
ferent c.d.’s are shown in Fig. 5.
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Fig. 5. Potentiodynamic polarization behavior of Zn-Ni-Cd alloy
coatings at different current densities deposited from optimized
bath at 303 K.

The CR of the coatings decreased with c.d. up to
3.0 Adm? and then increased as evidenced by corre-
sponding i Values. The decrease in Eg Value with
the increase in c.d. showed the corrosion protection
to be anodic in nature. Thus, the Zn-Ni-Cd ternary
alloy at optimal c.d., i.e, 3.0 Adm?, exhibited the
least CR (1.06 x 10 mmy™), which is about 14
times better than Zn-Ni binary alloy coating. The
relative polarization behavior of binary Zn-Ni and
ternary Zn-Ni-Cd alloy coatings deposited from re-
spective optimal baths are shown in Fig. 6.
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Fig. 6. Potentiodynamic polarization behavior of binary Zn-Ni
and ternary Zn-Ni-Cd alloy coatings deposited from respective
baths under optimal conditions.

Electrochemical impedance
spectroscopy study

EIS or AC impedance method is a very popular
technique to acquire the valuable information re-
garding electrode processes like double layer capaci-

tance for the enhanced corrosion protection and role
of inhibitors etc. EIS study considers the response of
test specimen for AC signals of small amplitude.
The most versatile tool is the Nyquist plot that
commonly displays the data as imaginary impe-
dance, Zing, Vs real impedance, Z.,, with the provi-
sion to distinguish the contribution of polarization
resistance (R,) verses solution resistance (Rs) [30].
The Nyquist response of Zn-Ni-Cd coatings deposi-
ted at different c.d. is shown in Fig. 7. The impe-
dance responses indicate that the polarization re-
sistance, Rp increased progressively with c.d.’s, and
reached maximum at 3.0 Adm™ i.e., the real compo-
nent of the impedance Z., is more comparable to
other c.d’s. Comparison of impedance responses of
Zn-Ni-Cd coatings developed at different c.d’s re-
veals that coating at 3.0 Adm? is most corrosion
resistant, and is shown in inset of Fig. 7.
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Fig. 7. Electrochemical impedance response (Real vs Imaginary
reactance values) displayed by Zn-Ni-Cd coatings at different
c.d.’s from optimized bath.

Surface morphology

The surface morphology of Zn-Ni-Cd at different
c.d.’s deposited from the optimal bath is shown in
Fig. 8.

20kV lpm 20kV - %10.000 Ipm

x10.000

Fig. 8. SEM image of Zn-Ni-Cd coatings deposited using opti-
mized bath at different c.d.’s: (a) 1.0 Adm?; (b) 2.0 Adm?;
(c) 3.0 Admand (d) 4.0 Adm™.



A significant change in the surface structure of
the coatings was found as c.d. was changed. The
cauliflower type surface structure has changed to a
well defined granular one when c.d. was changed
from 1.0 to 2.0 Adm™ as shown in Figs. 8a and 8b.
The granular structure formed at 3.0 Adm™ tends to
form a needle-like structure at high c.d., i.e.
4.0 Adm™, as shown in Figs. 8c and 8d, respectively.

XRD Study

The surface morphology and XRD peaks of bina-
ry Zn-Ni and ternary Zn-Ni-Cd coatings deposited at
optimal c.d., i.e., at 3.0 Adm?, is shown in Fig. 9.

Fig. 9. Surface morphology and corresponding XRD patterns of
alloy deposited from respective baths at 303 K: (a) Zn-Ni and
(b) Zn-Ni-Cd.

The surface morphology of binary alloy coatings
was changed when Cd was added into the bath.
Though XRD reflection corresponding to y-Zn (411,
300) phase was observed in both binary and ternary
alloy coatings, the dominant Zn (101), Zn (103),
NizZn,; (510) and Zn (112) peaks, observed in
Zn-Ni alloy (Fig. 9a) were suppressed in ternary
Zn-Ni-Cd coatings. However, addition of Cd into an
electrolytic bath resulted in the coatings having dis-
tinct Cd (002), Cd (100), Ni (222), NisZn; (332), Zn
(102), Cd (103), Zn (600) and NisZn,; (631) reflec-
tions as shown in Fig. 9b. A significant difference in
the surface structure of Zn-Ni alloy (having 7.95 wit.
% Ni) and Zn-Ni-Cd alloy (having 11.95 wt. % Ni)
coatings was found as shown in Figs. 9a and 9b, re-
spectively. Thus XRD study revealed that the en-
hanced corrosion protection of Zn-Ni-Cd is due to
unique phase structure of the coating having specific
composition.

CONCLUSIONS

Based on experimental investigations on electro-
deposition of Zn-Ni alloy using Cd as a catalyst, the
following observations were made as conclusions:

1. A stable Zn-Ni-Cd bath has been proposed for
electrodeposition of bright coatings on MS using
gelatin and glycerol as additives.

2. The CV study revealed that addition of gelatin
and glycerol has improved the homogeneity and
brightness of the deposit, while Cd ions catalyzed
the deposition of Ni by suppressing the anomalous
codeposition.
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A small amount of Cd is good enough to bring
significant increase in the Ni content, and hence cor-
rosion resistance of the ternary alloy. The added Cd
enhanced the Ni nucleation process by suppressing
the anomalous codeposition.

A small amount of CdCl, decreased the Zn con-
tent of the alloy by allowing the normal codeposi-
tion. But it was not observed with referring to co-
deposition of Ni and Cd, due to inherent deposition
overpotential of Ni.

However the effect is diminishing with the excess
addition of Cd due to the adsorbed Cd that blocks
the active sites of the cathode and inhibits the elec-
trocrystallisation of Zn and Ni.

The applied cathode current density and [Cd*’]
ions largely affect the composition, and hence the
properties of the Zn-Ni-Cd alloy by decisively
changing Ni content of it.

The decrease of Zn content at a very high c.d. is
due to suppression of more readily depositable Zn,
leading to deposition of coatings having more Cd
and Ni. This observation confirms the fact that depo-
sitions of Zn and Cd are mass-transport controlled
driven by the applied c.d., whereas Ni is Kinetically
controlled due to its high activation overpotential.

Both the SEM and XRD studies demonstrated
that the peak corrosion protection of Zn-Ni-Cd coa-
tings is due to their unique surface morphology and
phase structure conditioned by the Ni and Cd con-
tent.

Zn-Ni-Cd alloy coating at optimal c.d., i.e, 3.0
Adm, exhibited the least CR (1.06x102 mmy™),
which is about 14 times better than Zn-Ni binary
alloy coating, evidenced by potentiodynamic polari-
zation and electrochemical impedance study.
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DIEKTPOOCAKCHAE IIMHK-HUKEIEBBIX CIUIAaBOB C WC-
MOJIF30BAHMEM KaJIMUS B Ka4eCTBE KaTallM3aTopa IPOBO-
JUIOCH TallbBAHOCTATHYCCKH HA HHU3KOYTICPOIUCTOM
(MsTKOI) cTany, ¢ 106aBIeHUEM XKelaTHHA U TIHIEPUHA.
W3y4yeHo BAMsIHMS KaaMUs Ha CBOMCTBA IIUHK-HUKEJIEBOU
BaHHBI C TOYKH 3PEHUS COICPIKAHUS HUKENS U yCTOWYH-
BOCTH K KOPPO3UH TMOKPHITHH W3 CIUIABOB ITMHK-HUKEIb-
kagmuii. [{uknndeckass BoibTaMIiepoMeTpusi ObLIa TJIaB-
HBIM METOJIOM MPHU aHaIU3€ MPOLECcca U MPOTYKTOB dJIEK-
TPOJH3a MIPU PA3ITUYHBIX KOHIICHTPALUAX KaaMUs U JIPYy-
rux 100aBok. C OMOIIBIO CIIEKTPOMETPHH U SHEpPropac-
CCHBAIOIIIETO PEHTICHOBCKOTO aHAM3a OBUIO H3YYCHO
BIIMSIHHAE TDIOTHOCTH TOKa Ha cojaepkaHue Hukens. Oca-
JKIeHHe OBLTO BBITIOJHEHO TPH KOHIICHTPAIMU KaaMUs B
npenenax 0,004-0,1M. Kak okazamock, CKOPOCTh KOPpO-
3UH MOKPHITHH U3 IWHK-HUKEJIEBOTO CIUIABA 3HAYUTEIHHO
CHIDKaeTca mpu nobaBieHnu kagmusa. OOHAKO, ClemyeT
OTMETHTh, HYTO TaKO€ CHIDKCHHE CKOPOCTH KOPPO3UH
MPOUCXOTUT TOJBKO MPH OMPEICICHHBIX KOHICHTPALUIX
KaJMusl, TO ecTh BIUIOTH 10 KoHueHTpanuu 0,02M, a mpu
OoJiee BBHICOKOW BETMYMHE 3Ta CKOPOCTh OCTAeTCS HEU3-
MEHHOMH. Bce MONBITKY M3MEHUTHL THII COBMECTHOI'O OCa-
JKJICHUS M3 HETHIIMYHOTO B THUIWYHBIA MyTEeM H3MCHEHUS
MOJIIPHOTO COOTHOLICHHS WOHOB METala, TO €CTh
[Cd*)/[Ni*] kak 0,01; 0,05 u 0,25 okasamuch Gespe-
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3ysbTaTHbIMH. C MOMOLIBIO UKINYECKON BOJBTAMIIEPO-
METPHH YJAJIOCh 110KA3aTh BAYXKHYIO POJIb KaJMHUS, TO €CTh
ero u30UpaTenbHyl0 afcopOLUI0 NP COBMECTHOM Oca-
xaernn noHoB Zn'? u Ni2, pesymbratoM dero crano
YBEJIMYEHUE COJIEpKaHUS HUKENS B CIUIaBe. XUMHYECKUI
COCTaB M paboure XapaKTepUCTHUKH IIMHK-HUKEJIEBOH
BaHHbI OBUIM ONTHMH3HMPOBAHbI JUIS TIOJNYYEHHUS! OJHO-
POAHBIX CBETNIBIX MOKpbITHHA U3 cmiaBa Zn-Ni-Cd. s
aHanu3a MOP(OJIOTHH TOBEPXHOCTH MOKPHITHIl U3 CIIIaBa
Zn-Ni ¢ noOasneHueM HUKeNs ObUI MCIOJIB30BaH METOI
pentreHoBckoit  audpakuuu, (XRD), a ckanupyromas

aneKTpoHHass Mukpockomus (SEM) mo3sommna ucciemo-
BaTh (Pa30BYI0 CTPYKTYypy TakuX IOKpEITHH. B pabote
MpEeACTaBJICHBI PE3YJbTAThl 3KCIICPUMEHTOB, MNPOBCICH-
HbIX 1JIs1 YCTAHOBJICHUA POJIM KaaAMUA IPU COBMCCTHOM
oCakIeHnH OKphITHH 13 ZN-Ni crnaBos.

Kniouesvie cnoea: cnnas Zn-Ni-Cd, enuyepun, uccre-
oosanue kopposuu, penmeernosckas ougpaxyus (XRD),
ckanupyrowast snekmponnas muxkpockonus (SEM).
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IICKTPUHICCKOTO pa3psaaa B KHIKOCTH
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MeTo10M YHCIEHHOTO 3KCIIEPIMEHTA OMPEAEIIEHBI YCIOBUS pealu3aluy MyIbCallMOHHBIX UMITYJILCOB
JIABJICHUS B IUTa3MEHHOM KaHAJle ¥ OKPYXKaIOIIEH ero >KHIKOCTH KOMOWHHPOBAaHHBIMHU 3JIEKTPOPA3-
psanHbIME cucTeMamu. [TokazaHo, uyTo Ha 6a3e (HPUKCHPOBAHHOI'O OCHOBHOT'O SHEPTOMCTOYHUKA MOYKHO
co3JaTh psiJi KOMOMHHMPOBAHHBIX SHEPrOMCTOYHHMKOB, OOECIIEUMBAIONIIMX TE€HEPALUIO OJHOTHITHBIX

JABYXITYJIbCAIIMOHHBIX UMITYJIbCOB J1aBJICHUS.

Knioueswvie cnosa: uucnennwlii IKCnepumerm, n)yjibCayuoOHHble UMNYIbCbl daeﬂenuﬂ, NAA3MEHHbLU Ka-

HAJl, 9HEP2OUCMOYHUK.

YK 532:537, 528:62
BBEJIEHUE

OmuH u3 cmoco6oB MpeoOpa3oBaHUs dICKTPHUIC-
CKOHM PHEpruu B MexaHumdeckyw [1, 2] — aro amek-
TPUUYECKUI paspsii B BOAE, KOTOPBIA IIHUPOKO HC-
MOJIB3YETCSI BO MHOTHMX OTpaciIAX IPOMBIIUICHHO-
ctu. Ilpy nmpoexTupoBaHUM TEXHOJOTHUH, OCHOBAH-
HBIX Ha JJIEKTPUYECKOM pas3pszie B BOAE, METOIOM
[3] mnm kakuM-THOO APYTMM CTPEMSTCS K TOMY,
4TO00BI XapaKTEPUCTUKH pa3psiaa (Takue, HapuMep,
KaK paspaaHbId TOK M HaIpsDKEHUE Ha KaHaje pas-
psna), 3aJarolIye 3aKOH BBOJAA AIICKTPHYECKOM
SHEPTUH B KaHaJ H, CIeI0BaTEeIbHO, AaBJI€HHE B HEM
U B OKpY’Karollel ero >KMAKOCTH, B YaCTHOCTH TUA-
POAMHAMHMYECKYI0 Harpy3ky Ha oOpaOaTbIBacMbIi
00BEKT, OBUTH PETYJIHPYEMBIMHU B TIpoIiecce padoTHI.
[osToMy mpobnema MmoaydYeHus yrpaBiIsieMbIX dJIeK-
TPUUECKUX Pa3psiioB B BOJE SIBJIAETCS aKTyaJIbHOM.

OpvH U3 TNpUEMOB TOJIyYEHHS YIPaBIsEMbIX
paspsioB IpelcTaBiseT coboil M3MEHeHHe Mapa-
METpOB TreHepaTopa MMIyibcHbIX TokoB (I'MUT) m
JUIMHBl MEKJIEKTPOHOTO MpoMexyTka. OIHaKo B
3TOM ciydae BBIOOp IapaMeTpoB OCYIIECTBIISIETCS
JI0 Hayajia BBOJA 3HEPTUH, MOITOMY pa3psi HE KOH-
TponupyeTcs Bo BpeMs npouecca. @opma BBogumon
B KaH&JI JIEKTPUYECKOH MOIIHOCTH Oiu3Ka K Tpe-
YTOJIBHOM, a pacrnpocTpassiomuecs B paboueit cpe-
Jie BOJIHBI COKATH Yallle BCEro MMEIOT KpyTOoi (hpoHT
U crham, ONM3KWH K DKCIOHEHIHadbHOMY. Takas
(hopMa BOJIHBI C)KaTHsI HE YOBIETBOPSAET MOTPEOHO-
CTSIM MHOTHX DPa3psaIHO-UMIIYJIbCHBIX TEXHOJOTHI:
TpeOyeTcs, HampuMep, BOJIHA C HECKOJBKUMH Mak-
CHUMyMaMH Ha JIIOpE JaBIEHHE-BPEMs, MPUUEM HX
BEJIMYUHBl 1 MOMEHTHI JOCTHXEHUS IOJKHBI OBITh
Pa3sIMYHBIMHA JUIsI Ka)KJOTO KOHKPETHOTO CIy4vas.
JUId mosydeHus1 TakuX BOJH B JKHUAKOCTH HCHONb-
3YIOTCSI, B YaCTHOCTH, MHOTOKOHTYpHbIe I IT 1 ma-
paMeTpU4ecKoe H3MEHEHHE 3JIEMEHTOB pPa3psaIHON

nenu (Hampumep, CONPOTHBICHHS M HHIYyKTHBHO-
CTH) B Tporiecce BBoa dHepruu [3].

B paGorax [4-6] MeTOIOM YHCIEHHOIO JKCIie-
puMeHTa OBUIO MOKa3aHO, YTO [UIS peaTu3aIliu
nyJbcupyromeid (GopMbel AaBICHUS >KUAKOCTH Ha
o0OpabaTbiBaeMblii OOBEKT NMPH MHOTOHMITYJILCHOM
BBOJIC SHEPrHM B IUIa3MEHHBIH KaHal dIIEKTpHYe-
CKOTO pa3psia B ’KHUAKOCTH HEOOXOIMMO BO BTOPOM
UMIIyJIbCE DIEKTPUYECKON MOIIHOCTH B TEYEHHE
BPEMEHH, NPUMEPHO PAaBHOM JUIUTEIBHOCTH IIEPBO-
ro MMIIyJIbCa, BBECTH TaKOe ke, KaK M B IIEPBOM,
Wi OoJbliiee KOJWYEeCTBO SHepruu. [Ipmuem s
NOJTy4YeHUS] (DYHKIMU JaBJICHHS B KaHAJC U B XKUM-
KOCTH C IByMS IyJIbCAlUSIMUA PAaBHOBEIHMKHX aMILIH-
Tyl HEOOXOOUMO BBECTH BO BTOPOM HMITYJIbCE
MOIIHOCTH B 3-5 pa3 (B 3aBUCUMOCTH OT BEIUYHHBI
KPYTH3HBI HapacTaHHs BTOPOTO MMITYJbCa MOIIHO-
CTU N,,) GOJIBIIYIO SHEPTHIO, YEM Ta, UTO OblIa BBE-

neHa panee. CMeleHne BTOPOW IyJIbCAllMU JaBJIe-
HUSI BOPABO 10 BPEMEHH OTHOCHUTEIBHO IMEPBOi
obecreunBaeTCs 3a CUET YBEJIMUYEHHS KakK IPOJIOJI-
JKUTEIBHOCTH BTOPOTO HMMITYJIbCA MOIIHOCTH ATy,
Tak ¥ BBOAUMON sHeprun W,, HO B IIEPBOM CITydae
U peaju3alid CUTyaldd TONyUYEHHs PaBHBIX aM-
TUTATY]] HEOOXOIUMO BO CTOJIBKO K€ pa3 yBEIHUUTH
u W,. DTa sHeprus, Kak u moporosas 3Heprus ¢op-
MHUPOBAHUS BTOPOW IyJILCAIMH JaBICHUSA, MOXET
ObITh yMEHbIIICHA 0€3 W3MEHEHHs paclpeIe/iCHHs
JaBJIEHHS 33 CYET MOBBIIEHUS N, [5, 6], Tounee —

noBeimenus otHomenus N, /N, (N, — KpyTu3Ha

HapacTaHUs EPBOTO UMITYJILCA MOIITHOCTH).

B mpuBenennsx paboTax Hayajio BBOJA BTOPOTO
HUMITyJIbCa MOUIHOCTH COBMAJallo0 C OKOHYaHHEM
BBOoza mepBoro. Ho mpaktuka gacto Tpelyer mo-
BTOPHOTO BBOJA 3JIEKTPUYECKOIH PHEPruM B KaHAI
paspszia B MPOU3BOJIBHOE BpeMs, a HE TOJIBKO B MO-

© Bosuenko A.H., [llomko B.B., Bap6aosa I'.A., Kamenckas JL.A., DnekrpoHHas o6paboTtka Marepuaios, 2014, 50(1), 66-71.
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MEHT OKOHYAHHUS MEPBOM IyIbCAIMA MOIIHOCTH [7].
ens HacToOsmelr paboOTHl — BBISICHEHHE OCOOCHHO-
cTeil TMAPOJMHAMHYECKUX IPOIECCOB B TAKUX CH-
TyaIHsAX IPH MOMOIIN YHCICHHOTO YKCIIEPUMEHTA.

[NOCTAHOBKA 3ATAYH

TlonaraeM, 4To pa3psAHBIM KaHal B HadaJbHbBIN
MOMEHT uMeeT (HOpMy HPSIMOTO KPYTrOBOTO IIMIIHH-
Jpa KOHEYHOU JUIMHBI, 3aII0JIHEH UACaTbHON HU3KO-
TeMIIEpaTypHOH MJIa3MOU U HAXOAUTCS B HEOTPaHU-
YEeHHOM 00BEME MOeabHON CKUMAaeMOM JKUIKOCTH.
B cooTBercTBUU C MPUHATHIMU AOMYIICHUSIMH Ma-
TeMaTU4yecKkas MOJEeNIb HCCIEAYyeMOro Impouecca
BKJIIOYAET B ce0sl — CHCTEMY ABYMEPHBIX HEITHMHEH-
HBIX YpaBHEHUIT ra30Boil AuHaMuKy [8]:

ﬁ(r-p)+ﬁ(r-p-vz)+é’(r-p-v,)=
ot o1 ar
(r.p.vr)+0’7(r.p.vz.Vr)+é’[r~(p~vf+ p)]
ot o1 or
(r-p-vz)+é’[l’~(p~vf+ p):|+ﬁ(r.p.vz.vr):
ot o1 or
(r~e)+§[r~(e+ p)~vz]+ﬁ[r~(e+ p)-v, |

ot Jz ar

)

:p,

)

)

=0,

— IBYYICHHOE ypaBHEHHE cOCTOsiHUS [8]:

e=[P-c(p=po)]/[p(k-1)]

e t — BpeMs; I, Z — MUINHAPUYECKHE KOOPIHHATHI
Vi, V; — pafManbHas U oceBas KOMIIOHEHTHI BEKTOPA
CKOPOCTH KHAKOCTH, P — JaBJIeHHE, P — IIOTHOCTb

. 2 2 . —_ -
BOJIBI, = pl:g-}-(vr +V2 ) /2] € — ylenbHas BHYTpEH

HsIA DHEPrus; po — IUIOTHOCTh MOKOSAIIEHCS JKUIKO-
CTH; Cp — CKOPOCTb 3BYKa B IOKOSIILIEHCS KUAKOCTH;
k=17,15;

— ycnoBue 0ajaHca PHEpPTUH B KaHajle paspsna, B
TOM YHCIIE M HA €T0 CTEHKE — KOHTAKTHOM pa3pbIBe
ia3Ma-Bojia (BHYTPEHHsSI TpaHMIa Pacu€THOU 00-
nactu) [5]:

l d(pava) dva
T ]
(v=1) dt
re P, — AaBJCHUE B KaHale paspsaa;, Va — 00béM
KaHana paspsna; v = 1,26 — s dexTuBHBIN MoKa3a-
Tenb aguabarel wiasmbel; N(f) — 3akoH BbLIeNCHHS
JJIEKTPUUECKON SHEPTUU B KaHAIIE pa3psaa;

— YCIOBUSA JAVUHAMMYECKOM COBMECTHOCTH Ha
BHEIIHEH TpaHuIle pacy€THOH 00JacTH — yAapHOM
Boxue [8]:

[p]D~[pv,]=
[pv,]D~[pv; +p]=0
|:P(8+V§/2):|D—|:pV(S+V§/2)+ anJ:O,

rae D — ckopocTh yiapHO# BOJIHBI; 1, — HOpMallbHAs
COCTaBISIIOINASl  BEKTOpPAa CKOPOCTH  YKHUAKOCTH,
[f] = f, = f3; f1, f, — 3HAueHns GyHKIMU clieBa U
CrpaBa OT yJapHOil BOJIHBIL.

HavanbHble 3HAa4YeHHS THUAPOJAMHAMHYECKUX Xa-
PAKTEpUCTHK PaBHBI CBOMM 3HAYECHHSIM B HEBO3MY-
IICHHOMW Cpe/ie MPU HOPMAIbHBIX YCIOBHSX.

3agavya pemaercsi KOHEYHO-PA3HOCTHBIM MeETO-
oM ogyrosa [8].

Br16op pexxuMoB BBOJla 3HEPTUHU B IJIa3MEHHBIH
KaHaJ JJIs JJOOPe/IeNiCHHs] TPAaHMYHOTO YCIIOBHS Ha
KOHTaKTHOW IOBEPXHOCTH IUIa3Ma-KUJIKOCTh OCY-
IIECTBIIACTCA C YyYETOM YK€ MOIYyYCHHBIX YCIOBHI
(opMUpOBaHHS MyJIbCUPYIOLUIMX IABJICHUH I He-
MPEPBIBHBIX MOJIENBHBIX (pyHKIMI MotHOCTH [4, 5].
ITpu >TOM JUIS IPUBSI3KU K yciuoBusM [4, 5] momara-
70Ch, YTO BpeMs May3bl MOIIHOCTH [, Mexmy mep-

BBIM U BTOPBIM €€ HMMITYJIbCAMM BKJIIOUACTCS B Xa-
pakTepHOE BpeMs BBOJA SHEPrHUM BTOPOH MyJIhCa-
UMK MOILIHOCTH At,, = At, +t,. PaccmaTpuBas nBa
BapHaHTa PEKUMOB paspsia ¢ pa3IHyarolIMMUCS
3HAYEHUSIMH BpeMeH may3 wMoinHoctH (tp; =
= 4,75 wmkc ¥t = 18,75 MKkc) npu GUKCUpOBaHHON
JUTUTEIBHOCTH BTOPOI'0 HMITyJIbCa MOIIHOCTH B
10 Mkc, mojilyyaeM JIBa 3HAYCHHUS XapaKTEPHOTO

_ o =
BpPEMEHH HOBTopHoro BBOJa DHEPIUU Aty)
= 14,75 Mmkc n AT = 28,75 MKc. DTU 3HaYeHUS
BPEMEHH MPEBBIIIAIOT AIUTCIBHOCTh IIEPBOIO HMM-
=1,31u k?

? /1,). Tlostomy, uro-

MyJIbca MOIIHOCTH T B kr(l) = 2,56 paza

COOTBETCTBEHHO ( kt(l;z)

ObI COPMHUPOBATH MyJIECHPYIOLIYI0 KOHPHUTYPALHIO
JIaBJICHUSI B KaHalle ¢ PaBHOBEIUKUMHU aMILTHTY/Ia-
MH, HEOOXOIMMO B COOTBETCTBUH C IPUHATOHN BBIIIEC
Ha OCHOBAHWH JaHHBIX [4, 5] rumore3oi yBeIUIUTh
BEJIMYMHY MOBTOPHO BBOAWMOI DHEPIMH OTHOCH-
TenbHO yxe BBeaeHHoi Wi B (3-5)-k; pa3. 3amernm,
YTO €CJIM ITyJIbCAllMM JABJICHHS B KaHaje OynyT
UMETh PAaBHOBEIHMKHE aMIUIUTYbI, TO JUIA aBICHUS
B OKHIKOCTH 3TO OyJeT 3aBelOMO JOCTATOYHBIM
YCIIOBHEM peaH3allid TaKOW e CHTyaluu (CM.
[4, 5]). TTosToMy B manbHeimIeM MBI OyaeM axIieH-
THUPOBaTh BHUMAaHHE TOJBKO HAa (ODYHKIHU JaBICHHS
B KaHaye. C y4eToM CIeNaHHBIX OIIEHOK c(hOpMUpY-
eM JIBa BapHaHTa CJIEIYIONINX MOJCIBHBIX PEKUMOB
paspsza:

0 _ npu t <0;

0,281% mpu 0<E<05

0,241(1125-T) o, 052<F <1, s (1)
N(T)=N,<0 mpu 1,125 <t <1,60;

0,618(T-1,6) mpu 1,60<T <2,085;

0,582(2,6—Tf) mpu 2,085<t <2,6;

0 mpu  2,6<t;
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0 npu T <0;

0,281T npu 0<t<0,52;

0,241(1,125-T) mpn 0,52<T <1125  (2)
N(f):NO 0 npu 1,125<t <1,60;

0,928(T-16) 1P 1,60<t <2,085;

0,874(2,6-1) npu 2,085<t <2,6;

0 npu  2,6<t;

0 npu t <0;

0,281T npu 0<t<0,52;

0,241(1,125-F) mpu 0,52<T <1125 (3)
N (f) =N, 40 npu 1,125<1 <1,60;

1,236(f-1,6) 1PH 160<t £2,085,

1,164(2,6 ) npu 2,085<1t <2,6;

0 mpu 2,6<t;

0 npu 1 <0;

0,281t pu 0<t<0,52;

0,241(1,125-T) mpu 0,52<T <1125, (3)
N(T)=N,40 npu 1,125 <t <1,60;

1, 300(f_1’6) npu 1,60 <t <2,085;

1,224(2,6-T) TP 2,085<t <2,6;

0 npu  2,6<t;

0 pu T <0;

0,281t pu 0<1<0,52;

0,241(1,125-T) mpn 0,52<t <1125, (4)
N(T)=N,40 npu 1,125 <T <1,60;

1,856(f_1, 6) npu 1,60 <t <2,085;

1,748(2,6-f) TpH 2,085<t <£2,6;

0 mpu  2,6<¥t;

0 npu i <0;

0,281t npu 0<1<0,52

0,241(1,125-T) mpn 0,52<T <1,125; (5)
N(t)=N,40 npu 1,125<t <3,0;

1, 949(»[*_3]0) npu 3,0<1 <3,485;

1,835(4,0-f) 1pu 3,485< t <4,0

0 npu 4,0<¥T;

0 npu t <0;

0,281t npu 0<t <0,52;

0,241(1,125-T) npu 0,52<T <1125, (6)

N(f)=N,40 mpu 1,125<T <3,0;
2,596(t —3,0) mpu 3,0<1 <3485
2,444(4,0-T) TpH 3,485<1 <4,0;
0 mpu 4,0<t;

0 pu T <0;
0,281t npu 0<1<0,52;

0,241(1,125-T) mpn 0,52<T <1125 (7)

N(T)=N,10 npu 1,125<T <3,0;
3,898(?—3,0) npu 3,0<1t <3,485
3,671(4,0-T) 1pH 3,485<t <4,0;
0 npu 4,0<1.

OHM pa3NMYalOTCsl BEIMYMHAMH T1ay3 MOIIHOCTH,
coctaBnstomux 4,75 Mmxc s pexxumon (1)-(4) —

nepBbii  BapuanT u 18,75 MKC OIS pEXHMOB
(5)-(7) — Bropoit Bapuant. 31ech, Kak u B [4, 5],
No = 2,5 I'Br - xapakTepHass MOIIHOCTb pa3psija,
T =t/1, — Ge3pasmepHoe Bpems, To = 10 mMkc — xa-

paKkTepHOe BpeMs paspsija; HavalbHas JUIMHA KaHa-
na npunumainacek pasaoi 0,06 M. ITogdop pexumoB
JUTSE KQXKIO0TO M3 BAPUAHTOB OCYIIECTBIISICSH TaKUM
o0Opa3omM, 4YTOOBI JOCTUTalIach HEOOXOoAWMAs s
(OpMHPOBaHVS PABHOBEIUKUX aMILTUTYJI JaBICHUS
MOBTOPHO BBOAMMAs SHeprus. ['paduueckoe mpen-
CTaBJICHUE JHEPreTUYECKUX XapPaKTECPUCTHUK MO-
nenbHbIX pexumoB (1)—(7) mpuBemeHo na puc. 1.
IlepBblii MMMYJIbC MOIIHOCTH [JIi BCEX PEKHUMOB
OCTaBajICsl HEU3MEHHBIM, IIOCKOJIbKY 3Ta YacTh
JNIEKTPUICCKON DHEPTUH PacXoayercss Ha GopMUpo-
BaHUE JIUIIb IEPBOH MyJIbCAI[H JABIICHHUS.

N, I'Bt
5

i /z\
I

Al
/) \

30 40
t, MKC

[R]

0 -
0 10 2

Puc. 1. MozenbHble 3aBUCHMOCTH MOLIHOCTH OT BPEMEHH U
pexuMa BBOJa SHEpruu (MapKHpOBKa KPHBBIX Ha puc. 1-4 co-
OTBETCTBYET HOMEpPAM MOJENIBHBIX IMPEACTABICHUH MOIIHOCTH

D-@)).
PE3VJIbTATBI YUCJIEHHOI'O
OKCIIEPUMEHTA U UX OBCYXXIEHUE

AHanu3y MoaBeprajiuch pe3yibTaTbl YUCICHHOTO
pacyeTa TUIpOJAUHAMHYECKUX (BpeMeHHas (PYHKIIHs
JIABIICHUS B pa3psaHOM KaHaine P,(t)) u sHepreTude-
CKHUX (BpeMeHHbIe (YHKIIMH 00BEMHBIX MIOTHOCTEH
morHocTH Ny(t) = N(t)/V(t) 1 BBomumoit B paspsia-

HBI KaHaJ dHEePTUU &y (t) = I; N (t)dt IV (t)) Xapak-

TepUCTHK KaHana, rae V() — Tekymiee 3HaUeHHE
00béMa pazpsmHOro KaHaia. COOTBETCTBYIOIIHE
pacyeTHbIe QYHKIUH PEACTaBICHbI Ha puc. 2—4.

U3 comocraBneHus Xapakrepa U3MeHEeHUs (PyHK-
it Pa(t), ny(t) u ey(t) co BpemeHem cremyer, 4To
JIaBIICHHE B KaHajle W BBOJUMAs B HEro OoObEMHAs
TUIOTHOCTh AJIEKTPUYECKON JHEPruM KaueCTBEHHO
MOJJOOHBI KaK MO (OpPME KPUBBIX, TAK U MO CTECICHH
UX 3aBHCHMOCTH OT PEKHMa SHEProBbIICICHUS (Be-
JIUYUHB BBOAWUMOM dHepruu W,, BpeMeHH Tmay3bl
MOIIHOCTH M CKOPOCTH HapacTaHHs MOIIHOCTH).
[TpuveM B OTAMYHE OT KOPPENALHMA aMILUTUTY JaB-
JICHUS B KaHAJE Pan M IUIOTHOCTEHW MOLIHOCTH Nym
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Puc. 2. Dniopsl JaBieHUs B KaHale paspsija.
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Puc. 4. 3aBucUMOCTH BBEJICHHOMN B pa3psAHBINA KaHAa yAeIbHONH 00BEMHOM SHEPIHH OT BPEMEHHU U PEXKUMa pa3psa.

aMIUTUTY/IBI JaBJICHUS B KaHAJIE KOPPEIUPYIOT C aM-
IUIITYIaMHA TUIOTHOCTH JHEPTHU E€ym UL 00EHX
MyJbCallMil JaBJIE€HUsI U TUIOTHOCTU dHEpPTruu. Mex-
Iy HHMH HaOMo#aeTcss KBa3WIMHEWHas 3aBHCH-
MOCTb, KOTOpasi ¢ OTHOCHUTEIBHON IOTPEIIHOCTHIO
0 < 4% anmpoKcUMHpYeTCsl JTMHEHHOW 3aBUCHMO-
CTBIO BHJA

P.n = 238,5(&,,, —0,086), (8)

rae Pam u3Mepsiercs B Mlla, a eyn— B Fﬂ)l(/Ms.

IMomo6Has ammpokcumanus (HO TOIBKO IJIS aM-
IUTATY]] TOBTOPHEBIX MyJIbCAIlHIA) MOKET OBITH TIONY-
YeHa U 111 QYHKIUH Pama(Nyma):

Pan> = 0,887 (n,,,, +40), %)

TZI€ Pamz — AMIUTUTYJa BTOPOH ITyJILCAIIMN JIaBJICHUS
B KaHaje pa3psia, usmepserca B Mlla, a Ny, — Be-
JWYMHA BTOPOTO MAaKCUMyMa IUIOTHOCTH MOIIHOCTH
B KaHase paspsiza — B TBT/M.

OTHOCHTENIbHASL OTPEIIHOCTh pacyeTa JAaBJICHHs
no ¢opmyne (9) ve mpessimaer 5%. Ilpu ananuze
pE3yJIbTaTOB YUCICHHOTO SKCIEPHMEHTa IO 3aBH-
CHMOCTH JaBJICHUSI B Pa3psAHOM KaHaje OT IUIOTHO-
CTeil MOIIHOCTH ¥ BBOJMMOW B KaHall SHEPTUH (CM.
puc. 2-4 u popmynsi (8), (9)) He 6bLTIO OOHAPYIKEHO
CKOJIb-HUOYIb 3aMETHOTO BIIMSIHUS Ha 3TH B3aHMO-

CBSI3W BpPEMEHU Tay3bl MONIHOCTH. [lo-BUAMMOMY,
€CITH TaKoe BIIMSHHE W UMEET MECTO, TO OHO BEChbMa
cnaboe U HESIBHO YUYTEHO B OCPETHEHHBIX K03(h(u-
nueHTax BeipakeHudd (8) u (9). Jlng mposicHeHwUs
3TOH CUTyalu OBUIM TNPHUBIICYCHBI AHAJIOTMYHBIC
pe3yJIbTaThl YHCICHHBIX JKCIIEPUMEHTOB JUIT MO-
JIEBHBIX PEKUMOB paspsaa 06e3 may3bl MOIIHOCTH
[3]. AMrumnTyIHBIE 3HAYEHHS HHTEPECYIOMIMX HAC
BENTMYMH MpPHUBEICHBI B Tabm. 1. AHamu3 3TuX naH-
HBIX MOKa3bIBACT, YTO MOJYUCHHBIE IS PEIKUMOB C
may3o#t momHoctr (Gopmyist (8) u (9) ymosierBo-
puTenbHO (C OTHOCHTEIBHOH IOTPEIIHOCTBIO Ope
MmeHee 8% 1o eym U 3y MeHee 14% 1o Nypy) ONMUCH-
BAIOT M PAacUETHBIC JAHHBIC JUIs OECHay3HBIX PEeXU-
MoB. ITo3TOMY B TpaHMIIAX yKa3aHHBIX MOTPEITHO-
CTel BIHSIHUE MPOMODKATSIHLHOCTH May3bl MOIIHO-
CTH Ha B3aUMOCBSI3U MEXIY OSHEPreTUUCCKUMMU
dynxumsamu ey(t), ny(t) 1 1aBaeHreM Pa(t) MoXxHO HE
YYUTHIBATb.

B TO xe Bpemsi CONOCTAaBUTENbHBIN aHAIU3 MPHU-
BEJICHHBIX HA pUC. 1 U 2 pe3yabTaTOB MOKA3bIBAET,
4TO BpeMs ()OPMUPOBAHHS THKA BTOPOH MyJIbCcalluu
JIABIICHHUS B KaHAJIE 3aBUCHT, TPU (UKCUPOBAHHOM
JUTHTEITLHOCTH JAOBBIJCISEMOM SHEPTHUH, B OCHOBHOM
OT Tay3bl MOIIHOCTH. BpeMeHHON NpPOMEXyTOK
MEXy MUKaMH IyJibcaiuii nasienus B 1,2-1,3 pasa
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Tadauna 1. CpaBHeHne paccunTaHHbIx o popmynam (8) u (9) 3HaueHwU# Pyy C JAHHBIMH, TOTYYCHHBIMH 110 PE3yJIbTa-

TaM YUCIIEHHOTO JKCreprumMenTa [3]

Hcxonusle TaHHbIE Pacuer o hopmysiam
Ne apuanra [5] Nym TBTM® | gy, TIx/MC
pam1 MHa vm vm I[ (8) (9) Spn: % 8p£1%
2 106 68,6 0,567 115 96 9 8
31 111 68,6 0,588 120 96 13 8
3K 112 68,6 0,590 120 96 14 7
20 206 210 0,986 215 222 8 4
3e 228 210 1,09 239 222 3 5
33 231 210 1,10 242 222 4 5
1-st mynbcanust 306 1250 1,42 318 - - 4

Tabauma 2. [TapameTpsl MyJIECAIIMOHHON aKTHBHOCTH paspsmoB ¢ may3oi (Ne 5-7, 10-12, 16, 17) u Ge3 mayssl MoIIl-
woctu tipu Wy = 2055 JIx, 11 = 11,25 MKC, Pamy = 305 MIla u gy = 1,42 L Jx/M> (Pamt — aMIUTATY A TIEPBOH MyJIbCa-
LM TaBICHHUS B KAHAJIE Pa3psiia, Symi — BEMHYMHA IIEPBOTO MAKCHMyMa IUIOTHOCTH YHEPTHUU B KaHAJE pa3psiaa)

3
No No pexuma evma, T Jlx/M Pamz, MIIa AT, MKC W,, Tk K K K
n/u (ucTouHHK) T w *
1 2 [5] 0,58 98 10 1752 0,89 0,85 0,96
2 3a [4] 0,58 96 50 5624 4,4 2,74 0,62
3 31 [5] 0,59 103 50 8760 4.4 4,26 0,96
4 3k [5] 0,59 104 80 14016 7,1 6,80 0,96
5 1 [HC] 0,61 123 14,75 3745 1,31 1,82 1,39
6 5 [HC] 0,73 189 28,75 11815 2,56 5,75 2,25
7 2 [HC] 0,78 162 14,75 5625 1,31 2,74 2,06
8 2a [4] 0,78 150 10 3747 0,89 1,82 2,04
9 36 [4] 0,87 184 50 30754 4,4 15,0 3,37
10 6 [HC] 0,91 238 28,75 15740 2,56 7,66 2,99
11 3 [HC] 0,93 199 14,75 7495 1,31 3,65 2,78
12 3a [HC] 0,96 206 14,75 7880 1,31 3,83 2,93
13 26 [4] 0,99 192 10 5626 0,89 2,74 3,08
14 3e [5] 1,09 213 50 28130 4,4 13,74 3,08
15 33 [5] 1,10 215 80 45008 7,1 21,90 3,08
16 7 [HC] 1,24 328 28,75 23630 2,56 11,15 4,36
17 4 [HC] 1,25 268 14,75 11250 1,31 5,47 4,18

MPEBOCXOJAUT COOTBETCTBYIOIIUM BpPEMEHHOW Mpo-
MEKYTOK MEXIy MUKaMH MOIIHOCTH M MMEET TeH-
JICHIIMIO K YMEHBIICHUIO 110 MEpPe pPOCTa BPEMEHHU
nay3bl MOITHOCTH. 3aMEeTHM, YTO IS PEXKUMOB pa3-
psima KOMOWHHPOBAHHOTO JHEProOMCTOYHHKA 0e3
nay3sl MomHocTH (cMm. [4, 5]) Takoe mpeBblicHHE
mocruraer 1,6 pasa, a BpeMs GopMHUpPOBaHUS BTOPO-
TO ITMKA JIABJICHHS OTPEeIseTCs IPOIOIIKUTEIBHO-
CTBIO JIOBBIJCNCHUS dHepruu. [lodToMy BIIOJHE
OIIPaB/IaHHBIM SBIISICTCSI BKIIOYCHUE MPHU MTOCTAHOB-
K€ 3a/1au¥l Ul PeKMMOB C T1ay30i MOIIHOCTH B Xa-
paKkTepHOE BpeMsi BBIICICHHS SHEPIUU JOMOJHH-
TEIILHOTO HCTOYHUKA BPEMEHH May3bl MOIIHOCTH.
IlpencraBieHHple  BbINIE  pe3yibTaThl  (CM.
puc. 1-4 u popmyiny (8)) nmokassiBaroT, 4TO AJIS TO-
Jy4eHHsl JBYXITyJIbCALHOHHOW KOH(HIYpalMu JaB-
JICHUsI ¢ NPUMEPHO PABHOBEIUKUMHU aMILIUTYAAMH
MyJbcanuii HEOOXOIMMO pealn30BaTh B COOTBET-
CTBUM C pEXKHMOM 7 BTOPOro BapHaHTa (CM.
puc. 2, 4) wnu dopmynoii (8) BenuuuHy 00BbEMHOMN
IUIOTHOCTU JOTIOJIHUTENIFHO BBOJMMON SHEPrHH Ta-
KO K€ aMIUTUTYZbl, KAK U OT OCHOBHOT'O JHEPro-

ucrounuka. Ho BeNWYMHY aMIUTUTY/IBI Eym, 3aBUCS-
IIyI0 KaK OT 3aKOHa BBOJAa SHEPIUH, TaK U 00BEMa
IUIa3MEHHOTO Pa3psIHOTO KaHaia, KOTOPBIA B CBOIO
oyepelb 3aBUCHT OT BBOJMMOW JHEPIUH, MpelcKa-
3aTh 3apaHee HEBO3MOXHO. IloaToMy, omepupys
NepBOHAYATIBHO TMMapaMeTpaMH BBOAUMON SHEPIHU
(W, u W,) u Bpemenamu ee BBoma (1, u Aty), merne-
c000pa3Ho ObLIO OBl HAWTH MEXIYy HUMH M aMILIH-
TYJON &ym B3aUMOYBA3KY. JlJIs 3TOH 1enu cBeiemM
HHTEPECYIOIIHE HAC TapaMeTphl Pam, W1, Wa, K;, ATy,
Ky = Wo/Wy, ks = ky/K, 11 €ymz (Evmz — BeIMumMHA BTO-
pPOro MakCHMyMa TUIOTHOCTH SHEPTUHU B KaHAJIE pa3-
psna) mo pexxumam 1-7 Hactosimeii crateu (HC) u
pexumam pador [4, 5] B enunyto Tabm. 2.
CpaBHHBasI MEXIy COOOW PEKUMBI ¢ TIPUMEPHO
PaBHBIMH TUIOTHOCTSMH dSHepruu (OHH B TaOuuie
PAacIoioKEeHbI KOMIIAKTHO B TOPSKE BO3pacTaHHs
€vmz), JIETKO YOEAUTHCS, YTO CHHXPOHHO C POCTOM
aAMIUTATYABl €ymy BO3pacTaeT M 4ucio K« Ilpudem
OPUMEPHO OJMHAKOBBIM 3HAYCHHSAM Eymz M Pamz CO-
OTBETCTBYIOT W HPUMEPHO OJMHAKOBBIC 3HAUYCHUS
yucina K« CremoBaTesbHO, CYHIECTBYeT MPUOIIH-



JKEHHBIH DHEPTETHUYECKHMI KPUTEPHid K+, M0 KOTOpO-
MYy MOXHO IIOCTPOUTH IEKTPOPa3psiAHBIA 3HEPro-
HCTOYHUK, CIIOCOOHBIA TCHEPUPOBATh IMYJIbCUPYIO-
e UMITYJIbCHI JAaBJIEHUS B IUTA3MEHHOM KaHalle U
OKpY>Kalolllel ero KUAKOCTU C PABHOBEJIMKHMH am-
IUIMTYAaMUA  TIOBTOPHBIX —Myibcanmii. [lomyuuts
ITyJIbCUPYIONIHE KOHQUTYPALMU NaBICHHS C ABYMS
MIEPBBIMH  PABHOBEIMKUMH aMIUTUTYJaMH ITyJIbCa-
i MOXKHO (cM. puc. 2 U Tabi. 2, pexum 7) Ha Oaze
KOMOMHHUPOBAHHOTO AJIEKTPOPA3PSIHOTO HCTOUYHUKA
C DHEPTeTHUECKUM YHCIIOM K« > 4.4,

3AK/IIOYEHUE

Taxum 06pa3oM, pe3yIbTaThl YUCICHHOTO JKCIIe-
pYUMEHTa CBHJIETEILCTBYIOT, YTO Ha 0a3e KOMOWHH-
POBaHHBIX JJIEKTPOPA3PSITHBIX HHEPTOMCTOYHHUKOB,
Hanpumep MHOTOKOHTYpHBIX ['MT, MoxHO ¢opmu-
pOBaTh UMITYJIbCHI JABICHUS ¢ HECKOJIBKUMHU TOCIIe-
JIOBATEIHHBIMHU MYJIbCAIUSIMHA, YHCIO KOTOPHIX PaB-
HO YHCIy MYJbCAUUH DIEKTPUUYECKOW MOIIHOCTH.
Juis dopmMupoBaHus BTOPOil MyJIbCAIlK AaBIESHUS C
MPUMEPHO PaBHOMW MEPBOW MyJIbCALIMM aMILIUTYION
HEOOXOJMMO pean30BaTh OOBEMHYIO IIIOTHOCTD
JOTIOJTHUTENIFHO BBOJAWMON PHEPrHHM TaKOW Xe am-
TUTATYIbI, KaK OT OCHOBHOTO SHEPTrOMCTOYHUKA.

Ha 6a3e ¢ukcupoBaHHOTO OCHOBHOT'O JSHEPTO-
HCTOYHUKA MOXKHO C(OPMHPOBATH Psii KOMOMHHPO-
BaHHBIX JHEPrOMCTOYHUKOB, 00ECIEUYHBAIOIINX Te-
HEpalri0 ONHOTHITHBIX JBYXITYJIbCAITHOHHBIX WM-
MyJIBCOB JIABJICHUSA, B TOM YHCII€ U C PAaBHOBEIUKH-
MU aMIuuTyaamu. st atoro HeooxomnumMo obecrie-
YUTHh PABEHCTBO OTHOIICHWU TPEBBIMIEHUI BETMYNH
MIOBTOPHO BBIEISIEMOMN SHEPTHH U ATUTEITLHOCTH €€
BBIJICJICHHSI HAJ COOTBETCTBYIOLIMMH MapaMeTpaMH
[IEPBOTO WMITYJIbCa MOIIHOCTH; TPUYEM IS TMOIY-
YEeHHUs] PABHOBEIIMKUX aMILUTHTY/]] JaBlieHus TpeOyer-
Csl yBEJIMYEHUE aMIUIUTYABl BTOPOHM MyJIbCALlH
MOIIIHOCTU OTHOCUTEIBHO MEPBOH, MO KpalHel Mepe
(B 3aBHCHMOCTH OT Iay3bl MOIIHOCTH) Ha TOPSIOK.
BpeMmeHHOI MHTEpBan MEXAy IyJbCalUsSMU JaBie-
HUS K&KIOTO M3 PEKUMOB C MMay30d MOIIHOCTH
npumepHo B 1,25 pasa, a 0e3 mays3sl — B 1,46 pasa
OoJibllle BPEMEHHOTO MHTEpBala MEXIy MUKaAMH WX
MOIITHOCTH.
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Summary

The method of numerical experiment has been applied
to specify conditions of pulsation pressure pulses realiza-
tion in a plasma channel and the surrounding liquid by
combined electrodishcarge systems. It is shown that on
the base of a fixed power source it is possible to establish
a series of combined power sources that provide for the
generation of one-type two-pulsation pressure pulses.

Keywords: numerical experiment, pulsation pulses of
pressure, plasma channel, power source.
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Action of Millimeter-range Electromagnetic Radiation on
Polypeptide Spectrum of Amylolytic Preparations from
Aspergillus Niger 33-19 CNMN FD 02A Strain
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Micromycete Aspergillus niger 33-19 CNMN FD 02A standard cultivated and exposed to A = 7.1 mil-
limeter waves radiation has been used to obtain two enzyme preparations with the 10x degree of puri-
ty, with a 29.9% difference of the a-amylase activity in irradiated preparation but with a similar spe-
cific activity of protein of 138.3 U/mg and 141.0 U/mg. The a-amylase purification through gel filtra-
tion and ion exchange chromatography has resulted in the increase of 8.9 times of the specific activity
for the control and of 8.2 times for the irradiated samples, with the yields of 25% and 17%, respective-
ly. The SDS-PAGE of proteins isolated from initial preparations indicates the expression of new poly-
peptide of 45 kDa in the irradiated samples. Polypeptide spectrum of a-amylase from both prepara-
tions, purified through ion chromatography, shows two unchanged polypeptide bands of 66 and 40.5

kDa, identified as a-amylase isomorphs.

Keywords: millimeter-range electromagnetic radiation, fungi, Aspergillus niger, a-amylase purifi-

cation.
VK 621.372:577.151
INTRODUCTION

In the past years the electromagnetic radiation
(EMR) of the millimeter range has been actively
used in biology, medicine, biotechnology, etc. Mil-
limeter waves (MMW) have the wavelength of 10 to
1 mm which runs in the extremely high frequency
(EHF) band. The idea that MMW can specifically
influence biological structures and whole organisms
was first presented by Devyatkov N.D., Golant M.B.
and Gel'vich E.A. in 1964-1965 who claimed that
this wave frequency can be used by living organisms
to transfer information (impulse transmission) be-
tween cells [1, 2].

Currently a wide experimental material on the
EMR effect of nonthermal intensity on various spe-
cies of microorganisms, like model-objects of a
study: yeasts, bacteria, actinobacteria, cyanobacteria,
micromycetes has been gathered, which is helpful in
explanation of certain action properties of MMW
[3-8]. The evasive influence of the millimeter-range
EMR on living cells should be noted, which depends
on both frequency and strength of waves and the
initial state of a biological object. It is also worth
mentioning here that the influence is of a resonant
character, i.e. observed in narrow frequency ranges.
The main difficulty in the study of the EMR biologi-
cal effect is that electromagnetic waves overlapping
the cell vibrations can induce a positive as well as
negative response [9].

The actual mechanism by how EMR generates
biological effects is under intense study. Some hy-
potheses on the MMW action on organisms, which
accounts for the fundamentals of their metabolisms,
are proposed. It is considered that at the interaction
between a millimeter-range electromagnetic radia-
tion and the biological object, main processes take
place in cell membranes, converting the electromag-
netic energy into acoustic-electric waves and initiat-
ing metabolite processes inside the cell. Electromag-
netic forces at the surface of a membrane could
modify ligand-receptor interactions and, as result,
would affect the state of the membrane molecules
that control the cell secretion. The electropotential of
healthy cells causes a steady flow of ions across the
membrane, which is disturbed in a damaged cell. An
optimal EMR can restore normal membrane poten-
tial, increasing cell activity [10-12].

Herewith, an object for the EMR is cell pre-
membrane water molecules. Such water molecules
are essential for biomembrane proteins hydration,
switching them from a functionally passive to an
active condition. Next, mechanisms that initiated
biochemical reactions are activated, for which pro-
tein molecules are responsible. Thereby the permea-
bility of membranes increases and leads to the en-
hancement of the substances transport from the exte-
rior to interior of a cell, changing its biological ac-
tivity [13, 14].
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Our previous studies of the MMW influence on
the synthesis of extracellular hydrolases and the life
cycle of fungi strains Aspergillus niger 33 and
Aspergillus niger 33-19 CNMN FD 02A -
producers of amylases, and Penicillium viride
CNMN FD 04P — producer of pectinases, show the
increase of 44-49% of the enzyme activity at
optimal irradiation and the reduction of the growth
cycle of Aspergillus niger 33-19 CNMN FD 02A
within 48 hours. It is considered that irradiation
induces structural alterations of cell membranes,
causing increase of their permeability and, in turn,
an easier enzymes secretion outside the cell [15].

To better understand a possible mechanism of
interaction  between  external MMW  and
micromycetes — producers of hydrolases, the aim of
the given work has been to assess changes in the
amylolytic activity and the polypeptide spectrum of
enzyme  preparation  obtained  from  the
micromycete A. niger exposed to the millimeter-
range electromagnetic irradiation.

EXPERIMENTAL
Microorganism and culture conditions

The object of the study, a strain of the mycelial
fungi Aspergillus niger 33-19 CNMN FD 02A -
producer of amylases, stored at the National
Collection of Nonpathogenic Microorganisms at the
Institute of Microbiology and Biotechnology of the
Academy of Sciences of Moldova, was cultivated in
Erlenmeyer flasks of 1000 ml volume, at the
temperature of 28-30°C, on shakers (180-200 rpm),
during 5 days. Each flask contained 200 ml of a
nutrient medium of the following, chosen as optimal,
composition (g/L): starch — 3.0; bean flour — 9.0;
wheat bran - 18.0; KH,PO, — 2.0; KCI - 0.5;
MgSQO, — 0.5. The initial pH of the nutrient medium
was 3.0 [16].

Spore suspension of 10% v/v with the density of
3-10° spores/ml, obtained by washing with sterile
water of the 12-14-days culture, grown on malt-agar
oblique columns and irradiated for 15 minutes with
electromagnetic radiation in the millimeter range,
with the wavelength A = 7.1 mm in a constant mode,
served as the seed material [17]. As a source of a
low-intensity EMR, a UEMA-3 (Moldova) instru-
ment was used. Samples with nonirradiated inocu-
lum were taken as the control.

Enzyme extraction

The media of the 144-hours grown control
culture and the 96-hours grown irradiated culture
were separated from biomass by filtration and
20-minutes centrifugation at 4000-6000 rpm. The
a-amylase was isolated from the supernatant with
96% ethanol cooled to -15°C, in the ratio 1:4
C,HsOH, with the sedimentation duration of one

hour and the concentration of CaCl, 0.2%. The se-
diment was centrifuged for 20 minutes at 6000 rpm
and dried at 20-22°C [18]. Thus obtained enzyme
preparation was further investigated and purified.

Enzyme assay

The a-amylase activity was determined according
to the SKB colorimetric method by measuring the
amount of the different released molecular weight
dextrins at 30% hydrolysis of one gram of a soluble
starch after 10 minutes incubation at 30°C. The
reaction mixture (15 ml) contained 10 ml of buffered
(0.2M acetate buffer, pH 4.7) 1% soluble starch
(Sigma) solution as the substrate and 5 ml
adequately diluted enzyme sample. The reaction was
stopped and developed with iodine solution in the
ratio of 0.5 ml reaction mixture/50 ml iodine
solution (5 mg iodine and 50 mg Kl in 100 ml 0.1N
HCI) for 5 minutes [19].

Protein assay

Total protein content was determined according
to the Lowry method of taking crystalline bovine
serum albumin as the standard [20].

o-Amylase purification

Gel filtration. The dried enzyme preparation
(75 mg) was washed with the 3 ml 20 mM Tris-HCI
buffer (pH 7.0), then centrifuged for 10 min at
14000 rpm. The supernatant (2.5 ml) was applied to
the PD-10 column (Amersham Pharmacia Biotech)
equilibrated with the 20 mM TRIS-HCI buffer, pH
7.0. The column was eluted with 3 ml of the same
buffer.

lon exchange chromatography. Polled fraction
was loaded onto an anion exchange HiTrap™ Q
(5 ml) column at the flow rate of 1 ml/min in the
FPLC System (Amersham Pharmacia). The column
was equilibrated with the 20 mM Tris-HCI buffer.
The bound proteins were eluted with linear gradient
of 0-0.5M NaCl in the same buffer. In each eluted
fraction amylolytic activity and protein was assayed.

Electrophoresis

To evaluate purity of a-amylase isolated proteins
from amylolytic preparations and from amylolytic
active fractions were applied to 15% SDS-PAGE
electrophoresis, according to the Laemmli method
[21]. The gel was stained with coomasie Brillant
Blue R-250. Molecular weight markers were
B-Galactosidase (116 kDa), Phosphorylase b
(97.4 kDa), Bovine serum albumin (66.2 kDa),
Alcohol dehydrogenase (37.6 kDa), Carbonic
anhydrase (28.5 kDa).

Statistical analysis
All experiments were performed three times and

the results are presented as the simple mean of three,
with the level of significance p < 0.05 [22].
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RESULTS

Enzyme complex isolation from cultural liquid of
the A. niger standard grown (I) and irradiated with
the millimeter-range electromagnetic radiation (I1)
allowed for obtaining two amylolytic preparations of
the 10x degree of purity (Table 1). The preparation
from the irradiated A. niger had a 29.9% higher
a-amylase activity and 27.6% higher protein
amount. Due to the increase of the total protein, the
specific activity of both preparations was similar, i.e.
138.3 U/mg and 141.0 U/mg proteins, respectively.

Table 1. Amylolytic properties of enzyme preparations
obtained from A. niger

Protein | a-Amylase Specific
Variants (%) activity activity
(Ulg) (U/mg)
A. niger 33-19
grown under 235 32554.5 138.3
standard
conditions (1)
Irradiated with
A=7.1mm 30.0 42314.0 141.0
culture of
A. niger (I1)

The extraction of a-amylase from both enzyme
preparations and their purification by gel filtration
and ion exchange chromatography gave an increase
of the enzyme specific activity of 8.9 times for the
control and 8.2 times for the preparation obtained at
A. niger spore suspension irradiation with MMW
(Table 2). The yield of a-amylase was 25% for the
control and 17% for the irradiated samples
(1.5 times less), showing a greater decrease of total
amylolytic activity of the irradiated preparation after
purification. The protein amount of both purified
preparations was identical, of 0.160-0.162 mg/ml.

In both cases, ion chromatography of protein
separated from the preparations under study (Fig. 1)
shows four fractions with amylolytic activity and a
peak in one fraction, number 18 for the standard
cultivated sample and number 14 for the irradiated
sample. The general elution profile of the proteins
from enzyme preparations is different. For the
control sample, the peak of the a-amylase activity
coincides with the peak of the protein amount. For
the irradiated sample, the peak of the a-amylase
activity does not coincide with the peak of protein,
although the values of both amylolytic activity and
protein content are practically similar in both cases.
A hig-her protein content was observed in fraction 1
(0% NaCl gradient) and fraction 10 (32% NaCl), as
53.7% and 29.2%, respectively. Presented data are
recalculated for 1.5 times dilution, used for the
solution applied on ion chromatography.

SDS-PAGE electrophoresis of proteins isolated
from A. niger enzyme preparations indicates a high

heterogeneous protein content of initial complexes
and some difference in polypeptide bands (Fig. 2A).
A major difference is that MMW induce expression
of a new polypeptide with an apparent molecular
weight of 45 kDa, absent in the control sample.

The polypeptide spectrum of the determined
amylolytic active fractions after ion exchange
chromatography shows two polypeptide bands with
apparent molecular weights of 66 kDa and 40.5 kDa
after purification (Fig. 2B). The appeared
polypeptides are considered as 2 isomorphs of
a-amylase [23] and demonstrate that the applied
A = 7.1 millimeter-range electromagnetic radiation
does not induce structural changes in a-amylase of
the A. niger strain.

DISCUSSIONS

It is generally accepted that living organisms are
not indifferent to electromagnetic radiation of
millimeter range and a proper application of the
EHF-radiation can be used to stimulate and regulate
various cell processes. Yet the biostimulating pheno-
mena have no comprehensive explanation just some
hypotheses are discussed. It is certain that besides
similarities of the millimeter-range radiation effects
on various photosynthetic and non-photosynthetic
organisms, some differences at fungi investigation
can be identified: frequent morphological changes of
cells, active wavelengths 4.9, 5.6, 5.95-7.2 mm, the
intensification of a process with the simultaneous
slowing down of another one, multiple MMW
exposures of fungi spores (repetition factor of
10 times) so as to get a stable effect, inheritance of
acquired changes by further generations [11, 15].

Although the crucial role of proteins in every
biological process is known and some hypotheses of
the EHF-radiation influence on proteins were
proposed (increase of protein molecules hydration,
magneto-reception of some ions bound with proteins
etc.), studies in this field are still insufficient or
completely missing when talking about mycelial
fungi — producers of biotechnologically important
enzymes.

The given research shows that the electromagne-
tic radiation of a millimeter range, chosen as a
stimulator of enzyme synthesis by micromycete of
A. niger, does not induce direct changes in the
structure of a-amylase. Standard cultivated samples
and the ones exposed to the optimal MMW of
A = 7.1 gave similar polypeptide bands after ion
exchange purification, corresponding to the two
isomorphs of a-amylase, of 66 kDa and 40.5 kDa.

MMW do not affect a-amylase, but induce other
changes in the polypeptide spectrum of proteins
released outside the cells in the culture medium of
A. niger. A biological effect of the millimeter-range
EMR on the irradiated preparation is demonstrated
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Table 2. Purification profile of a-amylase from amylolytic preparations obtained under standard conditions (1) and at
irradiation with MMW A = 7.1 of A. niger (I1)

o a-Amylase activity Protein Specific activity Yield Purification
PUfg'Catlon (U/ml) (mg/ml) (U/mg) (%) fold
teps | T | I | T R
Amylolytic preparation | - g3 g6 | 105765 | 5875 | 7.500 | 138.30 | 141.00 100 1
solution (25 mg/ml)

Extract 422.88 709.12 1.908 | 2.487 | 221.63 285.13 | 52 67 1.6 2.0
PD-10 column 39012 | 590.38 |1.173 |1.725 | 33245 | 34225 | 48 | 56 | 2.4 | 24
gel filtration

HiTrap™ Q column
ion exchange 199.68 184.98 0.162 | 0.160 | 1232.61 | 1156.13 | 25 17 8.9 8.2
chromatography
—o0—Protein 100% gradient NaCl.
—+—a-Amylase activity
0.12 1 = 180.0
0.114 g
- 1500 =
0.094 £
E 0.08 - 120.0 ES
§ 0.06 1 - 90.0 %
°~g 0.054 | 00 2
0,034 g
0.024 e - 30.0 5
0% gradient NaCl .-
000 lllllllllllllllllllllllll 0‘0

12345678 910111213141516171819202122232425
Fraction number

100% gradient NaCl
0.18 7 T
0.16 1 E
0141 =
y .
B 012 £
£ 010 3
o0
2 008 2
0,06 4 5
0.04 4 ) 0 F
0% gradient NaCl
0.02 +————+—— 0.0

12345678 91011121314151617 18 192021 22
Fraction number

Fig. 1. Purification of a-amylase from amylolytic preparations obtained under standard conditions (I) and at irradiation with MMW

A = 7.1 of A. niger (I1) by ion exchange chromatography. Samples: 2 ml of a-amylase preparation after gel filtration through PD-10

column. Column: HiTrap™ Q (5 ml). Flow rate: 1 ml/min. Buffer A: 20 mM Tris-HCI, pH 7.0. Buffer B: A+0.5M NaCl. Gradient:

for 1 0% B in 27 ml, 0%-100% B in 75 ml and for 11 0% B in 15 ml, 0%-100% B in 66 ml.

kDa M [ 1l kDa M 1 I
™I T -

116 =
97.4
66.2 s &8
. 97.4 ¢
—~=— 45 kDa
376 . 66.2 -
285

Fig. 2. SDS-PAGE of A. niger a-amylase purified through ethanol precipitation (A) and ion exchange chromatography (B). Lane M:
Protein markers, Lane |: Sample obtained from A. niger cultivated under standard conditions, Lane Il: Sample obtained at A. niger
irradiation with millimeter wavelength range A = 7.1.



by expression of a new polypeptide band with the
apparent molecular weight of 45 kDa, and, also, by
differences in the elution profile of proteins from
both the control and irradiated preparations, where
peak of the protein content does not coincide with
the peak of the a-amylase activity, as in the control
sample.

How the millimeter-range EMR causes changes
in the polypeptide spectrum of proteins isolated from
the culture liquid of the irradiated A. niger still need
to be discussed. According to one of the hypotheses,
it is supposed that MMW increases permeability of
cells membranes, leading to accumulation of a "non-
specific" protein outside the cell. This modification
could change amylolytic activity of the isolated
enzyme preparation that was by 29.9% higher in the
non-purified irradiated preparation and, practically,
similar after ion exchange chromatography, compa-
red to the control preparation.
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Pedepar

W3 munenunansHoro rpuba Aspergillus niger 33-19
CNMN FD O02A, xyJabTHBHPYEMOro B CTaHIAPTHBIX
VCIOBUSIX W TOCHEC OOJyYeHHsS] MIUUTUMETPOBBIMHU
BosHamMu A = 7,1, ObUTM TOJyYeHBI JBa (PEPMEHTHBIX
mpemnapara co crencHpio ouuctku ['10X, oTmudarormxcs
M0 YPOBHIO aMHWIIONUTHYECKOM akTuBHOCTH (Ha 29,9%
BBIIIIC B TIperapare, MOABEPIrHYTOM OOJIyYCHHUIO), HO C
HICHTUYHOW crnennpuveckoii aktuBHOCThI0O B 138,3
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er/Mr n 1410 enm/mr Oenka. OuncTKa O-aMUJIA3bI
METOJaMH Telb-(QUIBTPAlid U HOHOOOMEHHOH Xpoma-
Torpady TpHBEIa K YBEJIMYEHHIO CIeHU(pUIecKOn
aktuBHOCTH B 8,9 pa3 B KOHTpOJbHOM U B 8,2 pa3a B
o0OnayueHHoM mpemaparax, ¢ 25% wu 17% BbIXOIOM,
cootBeTcTBeHHO. SDS-ITAAT' OenkoB, BBIICICHHBIX W3
HayaJpHBIX [PENnapaToB, MOKa3aia IMOSBICHHE HOBOTO
NOJNUIENTHAA C MONeKysipHod wmaccod 45 kDa B
oOpasie, MmoaBepreyToM oOiydeHHIo. [lomumenTHIHbIIR
CIIEKTp OYHIIECHHOH 0-aMHIa3bl 000X MPEIapaToB MoCIe
MOHHOW XpoMaTorpauu NpeicTaBiIseT 2 HEU3MCHHBIE
MOJIMIIETITUIHBIE TIOJIOCHI C MOJIEKYJISIPHOH Maccoil 66 u
40,5 kDa, ompesienieHHBIX KaK H30()OPMBI 0i-aMHJIa3bl.

Knioueevle cnosa: >1eKmMpoMazHUMHOE  U3LYYeHUe
MULIUMEMPOB020  OUANA30HA, MUYEIUdTbHble 2pubbl,
Aspergillus niger, ouucmra a-amunaser.
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Electrical Conductivity of 1:1 and 2:1 Clay Minerals
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The A.C. impedance plots were used as tools to analyze the electrical response of two varieties of Tu-
nisian halloysite 1:1 and illitic samples 2:1 as a function of frequency at different temperatures
(80-800°C). The real and imaginary parts of the complex impedance trace semicircles in the complex
plane. Except for the illite, It-1, the second sample analyzed in this study, these plots give evidence for
the presence of both bulk and grain boundary effect, above 600°C onwards. The bulk resistance of the
materials decreases with the rise in temperature. Impedance Spectroscopy data reveal a non-Debye
type of dielectric relaxation. The Nyquist plots show the negative temperature coefficient of resistance
of both pure Tunisian illite and halloysite samples. The results of bulk electrical conductivity and its
activation energy are presented for the two mineral clay samples. For illite It-1, the activation energy
values estimated from the AC conductivity pattern and modulus pattern are very similar and suggest a
possibility of a long-range mobility of charge carriers (ions) via hopping mechanism of electrical
transport processes at higher temperature. On the other hand, for the halloysite sample provided from
kasserine, (Ha-Kass), the modulus analysis admit that the electrical transport processes of the material
are very likely of electronic nature. Relaxation frequencies follow an Arrhenius behavior with the ac-

tivation energy values not comparable to those found for the electrical conductivity.

Keywords: kaolinite, illite, hopping mechanism, impedance analysis, electrical conductivity.
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INTRODUCTION

The electrical conductivity and dielectric permit-
tivity (commonly named as dielectric constant €), of
the constituent minerals are the main controlling
factors of the electrical properties of soils. The die-
lectric permittivity of a material is a measure of the
relative ability to store a charge (electrical energy)
for a given applied electric field while dielectric loss
is a measure of the proportion of the charge trans-
ferred in conduction and stored in polarization. The
dielectric constant ¢ is a complex number and is a
function frequency. The relative dielectric constant
& (w) is the ratio of the complex dielectric constant ¢
to dielectric constant of free space g, The real part
of the dielectric constant of soils particles is between
3 and 6 whereas that of water is 80 at 20°C [1, 2].
Thus the dielectric constant of soil-water mixture is
between 4 and 8 depending on the proportion of
each. Clay minerals are an important constituent of
many mineral soils. The influence they may have on
the dielectric behavior of a moist soil is therefore of
great importance [3].

lonic conductivity is known to occur in clay min-
erals and to be an important contributor to dielectric
dispersion. The amount of conduction is related to
the surface density of charge and the surface area. In
general, the halloysite 1:1 clay mineral has a rela-
tively small surface area and low ion-exchange ca-
pacity and would be expected to be associated with a
low ionic conductivity, while the interlayers of the
2:1 clay minerals provide space into which cations

can be adsorbed. In illite clays the interlayer con-
tains potassium which fixes the structure rigidly. On
the other hand, a large surface area of the smectite
compared with other clay minerals, its capacity to
swell and its ability to adsorb ions means it should
create a reasonably electrically conductive material.
It should be pointed out that the electrical properties
of clays are still unknown at large in literature. In
fact these materials are difficult to handle and exper-
imental data are very limited. There are some litera-
ture data concerning electrical properties of clay and
sandstone [4], clay or mixtures of sand/clay [5-6],
conductivity measurements of dry clay minerals
conducted at different temperatures in the range
from 80 to 800°C have not been widely studied so
far. Most of the articles published on the AC con-
ductivity of rocks investigate the effect of water or
oil content [7, 8] but no studies report on the charac-
terization of the microstructure of clays as ceramic
materials by analyzing their electrical conductivities
in the range of temperatures cited above. Obviously
this study could be useful for Na-conducting materi-
als.

Meanwhile, Impedance Spectroscopy (IS) is a
relatively mature, cheap, and simple technique for
non-destructive testing, which has been widely used
to characterize the electrical properties of the mate-
rials and relate the changes in these electrical prop-
erties to microstructural changes occurring in the
materials. Recently, growing interest has been de-
veloped in employing IS to characterize the micro-
structure of ceramic materials [9-11] particularly for

© Kriaa A., Hajji M., Jamoussi F., and Hamzaoui A.H., Dnekrponnas o6paboTka matepuanos, 2014, 50(1), 78-88.



studying the microstructure evolution in cement
during hydration and hardening [12-14]. There are
many ways IS data may be plotted. In the IS field,
where capacitive rather than inductive effects domi-
nate, conventionally one plots — Im (Z) = -Z" on the
y-axis vs. Re (Z) = Z' on the x-axis to give a com-
plex-plane impedance plot. Such graphs have been
usually termed Nyquist plots. They have the disad-
vantage of not indicating frequency response direct-
ly, but may nevertheless be very helpful in identify-
ing conduction processes present. Another approach,
the Bode diagram, is to plot log [IZI] and @ ~ vs. log
[f]. Alternatively, one can plot Z' (or any I') or -Z"
(or -I'"), or the logs of these quantities vs. log [f]
[15, 16].

In this paper, we report details concerning the
physico-chemical characterization study of two Tu-
nisan kaolinite (Ka.Kass) and illite (It-1) clays mi-
neral providing from north and south west of Tuni-
sia, respectively. The main goal is to present We
present also a complete analysis about electrical
properties of these two clay mineral samples using
impedance spectroscopy technique at different tem-
peratures ranging from 80 to 800°C. The characteri-
zation of the microstructure of Na-conducting ce-
ramics is probably useful by this electrochemical
technique. In the case of many mineral complex
solid, the analysis of IS data, when depicted in a
complex plane plot, appears generally in the form of
a succession of semicircles representing the contri-
butions to the electrical properties due to the bulk
material, grain boundary effects and interfacial po-
larization phenomena if any. Taking into account
these properties, the analysis of electric modulus
enables us to separate the effects due to each com-
ponent (bulk, grain boundary, and electrode polari-
zation effects) in a solid sample very easily.

MATERIALS AND METHODS
Clays

Sample of specimen halloysite 1:1 clay used in
this study provided from Touila, in Kasserine (Ha-
Kass) situated at the north west of Tunisia. It is im-
portant to notice that this solid sample is on natural
pure state, of white color and with no impurities.
Whereas, the other clay sample chosen in this study,
is the It-1 illite 2:1 clay, a pure Tunisian illite (light
green) from the south west. For the two samples
particles with diameter < 45 pum were obtained by
sedimentation and saturated with Na* by 7 washing
cycles (successive centrifugal treatments) with 1M
NaCl. After each centrifugation of the suspension,
the supernatant was discarded and replaced with
fresh solution of NaCl. After that, the samples were
dialysed through a specific membrane, oven dried to
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a constant mass at 80°C and finally stored in an air-
tight container prior to use.

Sample Clay Characterisation
X-ray diffraction (XRD)

X-ray diffractograms were recorded using a
“PANalytical X'Pert HighScore Plus” diffractometer
with the radiation Ko, of copper. Two types of dif-
fractograms are studied: diffractograms with disori-
entated powder where all the lines (h, k, 1) appear,
and diffractograms of oriented plate obtained by
sedimentation. This makes it possible to follow the
periodicity of the stratification of the layers, with the
reflection (001) on which the identification is based.

Cation Exchange Capacities (CEC)
and Specific Surface Areas (SSA)

CEC was determined by the method of copper
ethylendiamine (EDA), CuCl, complex analogous to
that described by Bergaya and Vayer [17]. A known
volume (2 to 5 ml) of the 0,05M Cu(EDA),** solu-
tion (prepared firstly by mixing 1MCuCl, with an
excess 1M EDA) is diluted with water to 25 ml and
added to the clay (0,4 g) in the centrifuge tube and
the pH of suspension is determined. The suspension
is shaken or stirred for 30 min to ensure complete
exchange, centrifuged and the pH is determined
once more. The concentration of the Cu (EDA),**
remaining in the solution was determined by atomic
absorption spectroscopy (AAS) or iodometry. The
CEC of the sample can be obtained by the difference
in Cu concentration in the initial and final solutions
as determined by AAS or iodometry and the CEC
calculated from the quantity of absorbed Cu
(EDA),** (amount initially added to the clay minus
amount remaining).

A specific surface area BET was determined by
nitrogen gas adsorption at 77K, using a “Quan-
tachrom-Autosorb1” sorptiometer.

X-ray patterns

The specimens after different treatments were
studied by using X-ray diffraction technique. In
these methods, oriented specimen is prepared on
glass microscope slides. The samples were succes-
sively subjected to different treatments not only to
characterize the clay specimens but to identify the
presence of interstratified or mixed other clay mi-
nerals:

i) Normal at ambient temperature (N);

i) Saturated with ethylene
(EG-treatment) (G);

iii) Heating at 550°C (H).

The diffractogram of the illite It-1 sample is
shown on the Fig. 1. In the patterns of the air-dried

glycol



oriented mount of pure It-1(N), the basal reflections
of illite appear along with an irrational series of re-
flections: dgoy) reflection at 10.08 A, the dg at
5.01 A and the doz at 3.31 A. The XRD patterns of
the EG-treated (G) and heated specimens (H) at
550°C were included in the Fig. 1 in order to detect
minimal changes. One can observe that these peaks
are not affected by treatments, i.e., the illite basal
reflections do not show significant changes.

N\_NSA 3.31A
";} G\—/\ A
g e
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Bragg’s angle, °2Theta

Fig. 1. XRD patterns of oriented purified clay plate illite It-1
(N: Normal, H: Heated 550°C, G: saturated by ethylene glycol).

The XRD pattern of the Kasserine clay (Ha-Kass)
(Fig. 2) shows sharp peaks at d = 10.01 A, 4.40 A,
3.34 A and 2.58 A attributed to the halloysite 4H,0
clay mineral that belongs to kaolin group [18]. When
heated at 550°C, these peaks disappear.
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Fig. 2. XRD of purified Ha-Kass and heated at 500°C.
The cation ion-exchange capacity (CEC) and the

Specific Surface Area (SSA) of the clay samples are
reported in Table 1.

Table 1. C.E.C and S.S.A for two studied clay samples.

Specimen CEC SSA
(meq/100g) (m?/g)

It-1 27 45
Ha-Kass. 39.84 24.57

Chemical analyses and structural formulas

The clay samples were attacked by a mixture of
three acids (HCI, H,SO4, HNOs). All the elements
pass in solution, except the silica (SiO,) which is

determined by gravimetry. Other elements, such as
Al, Fe, Mg, Ca, Na and K are assayed by an Atomic
Absorption Spectrophotometer (AAS).

The chemical analysis of clay mineral samples is
given in Table 2. The loss on ignition value of the
Ka-Kass clay is relatively very important (28.96%);
it can be due to the presence of a supplementary
water layer.

Table 2. Chemical analyses of fractions of purified mi-
neral clays.

Weight SiO; | AlLO; | Fe,03 | MgO | Na,O | KO | CaO Igni-
% tion
loss

1t-1 50.24 | 24.38 5.58 2.13 121 | 939 | 005 | 7.53

Ha.Kass | 39.40 | 29.91 0.19 0.27 0.52 0.1 0.65 | 28.96

It follows from these analyses that the average
structural formulas are:

It-1: K1.64C30.01Na0.32\/¥5i6.89A|1.11]IV
[AlL g:Fe057MJo.as]” O20(0OH)a.

Ha-Kass: Nag 17Ko.02Cao.11 [Si6.49A|1.51]|V
[Aly 230F€0,024M go.o7]vI O2.

It reveals that the studied samples presented two
significant substitutions in the octahedral and tetra-
hedral layers. For illite It-1the potassium (K) and
metal (M) ions are present to satisfy the negative
charge and will not be used in the calculation of
negative charge. Thus net layer charge of illite It-1
per unit cell is 1.97 charge/cell whereas for Ha-Kass
is 0.3 charge/cell.

For electrical conductivities studies, the finely
ground samples were pressed into cylindrical pellets
of 10-13 mm diameter and 1mm thickness using a
hydraulic press at a pressure of 6 000 Kg/cm? The
pellets were mounted between two flat silver elec-
trodes in an evacuated conductivity setup and an-
nealed at 100°C for 24h to avoid adsorbed water.
The AC impedance data, the modulus of impedance
IZI and phase angle were obtained in the frequency
range 1Hz to 13 MHz using HP4192A controlled
frequency response analyzer over the temperature
range 80-800°C. Before measurements, an input AC
signal of voltage amplitude ~ 10 mV was applied
across the sample cell followed by thermal stabiliza-
tion for half an hour. The temperature of the sample
was controlled by means of a temperature controller
(West Model 6100) with an accuracy of £ 1°C. A
computer with serial cable RS232 and software Lab-
view 4.0 have been used for data acquisition.

RESULTS AND DISCUSSION
Impedance studies

A polycrystalline material usually gives grain
boundary properties with different time constants
leads to two successive semi-circles. The electrical
properties of a material are often represented in



terms of some complex electrical parameters like
complex permittivity ¢*, electric modulus M* and
dielectric loss tan o. They are related to each other as
follows:

Complex impedance,

Z*=7-j7"=Rs - l/jwCs. Q)
Complex permittivity,

e¥=¢—je", tan 6 = g"/¢". (2)
Complex modulus,
M* = M' + jM" = jwCoZ*. 3

Where R is the series resistance, o = 2xuf,
(fr = resonance frequency), Cs the capacitance in
series, j = (-1)* the imaginary factor and C, is the
vacuum capacitance of the circuit elements. Above
four expressions give a wide scope for graphical
representation.

On the other hand, the peak of the high frequency
semi-circular arc in the impedance spectrum enables
us to evaluate the relaxation frequency (wmax) Of the
bulk material in accordance with the relation

wmax T=RpyCp =1 0r
2nfmax RoCp = 1 => frax = 1/2aR,Cy (4)

and
=1/ 2nfax 5)

where R, and C, refer to bulk resistance and capaci-
tance, respectively, T represents relaxation time and
o = 2xf is the angular frequency. Besides, the bulk
conductivity (c) of the material is a thermally acti-
vated process obeying Arrhenius behavior. It is cal-
culated in accordance with the relation

o = (oo/T) exp(-Ea/kT). (6)
From expression (2), the complex permittivity

e*=¢—ig"

where €' is the real or relative permittivity or dielec-
tric constant and; €", the imaginary or dielectric loss,
€* can be represented as [19].

&* = 1joCoZ* @)

where Cy is the capacitance of free space. The ¢' real
and " imaginary parts of dielectric permittivity were
calculated from impedance data of illite IMt-1 and
kaolinite Ka-kass clay minerals, measured over a
range 1 Hz to 13 MHz at different temperatures
using

&' = (VAweo)[Z"(Z%+2"%)] (8)
" = (YAwey)[Z'1(Z%+2")] 9)

It must be noticed that €' and &" represent, respec-
tively, the dielectric constant and the dielectric loss
of the material.
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From expression (3), the complex electric modu-
lus M* is the reciprocal of the complex permittivity
8*

M* = 1/g* (10)

where
M' = (Alt)weoZ™ and M = (Al)wepZ'. (11)

The oac was calculated using the measured im-
pedance data of studied clay samples over a fre-
quency range of 1 Hz to 13 MHz at different selec-
ted temperatures using

oac = (VA)[Z'1(Z?% + 2%)] (12)

where t is the thickness and A the area of the sample
pellet.

Impedance spectrum analysis

First, it must be pointed out that the impedance
spectra measured at temperatures above 400°C are
reproducible. But at temperatures below 400°C,
several factors could affect impedance measure-
ments, e.g. incomplete contact between sample and
electrode, short circuit through a less resistive path
in clay, and the presence of moisture in clay.

The electrical behavior of the system has been
studied over a range of frequency and temperature
using AC technique of IS. The plot of -Z" versus Z'
(so called Nyquist plot) of It-1 at different tempera-
tures (400-800°C) is shown in Figs. 3a—c.

One can observe that the effect of temperature on
impedance behavior of the material sample becomes
clearly visible with rise in temperature
(Figs. 3a—c). The impedance spectrum is character-
ized by the appearance of single semicircular arc
whose pattern of evolution changes with rise in tem-
perature (Figs. 3a-b). Each semicircular arc in the
impedance pattern can be attributed to a parallel
combination of resistance and capacitance. The cen-
ter of the semicircular arc shifts towards the origin
on increasing temperature which indicates that the
conductivity of the illite 1t-1 increases with increase
in temperature. With further rise in temperature,
appearance of another semicircular arc in the impe-
dance spectrum has been noticed on and after 600°C.
The pattern is displayed in Fig. 3c. The presence of a
single semicircular arc up to 595°C indicates that the
electrical processes in the material arise basically
due to the contribution from bulk material (grain
interior) [20-22] and can be modeled as an equiva-
lent electrical circuit comprising of a parallel combi-
nation of bulk resistance (R,) and bulk capacitance
(Cp). The electrical process at these temperatures
may be attributed to intragrain phenomena.

Appearance of additional semicircular arcs in the
impedance pattern with increasing in temperature
(T >600°C) indicates the beginning of intergranular
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activities within the clay sample with definite con-
tributions from both bulk (grain interior) and grain
boundary effects (Figs. 3b—c). This type of electrical
phenomena in the material can appropriately be
modeled in terms of an equivalent electrical circuit,
according to brick layer model [23], comprising of a
series combination of two parallel R-C circuits at-
tributed to both the grain interior (bulk) and grain
boundary effects in agreement with Brahma et al
[22].

Figs. 4a—c show the loss spectrum i.e. variation
of the imaginary part of the impedance (Z" with
frequency at different temperatures.

We must emphasis that when temperature is be-
tween 200 <t < 450°C, a monotonous decrease in
(Z'") without any peak in the frequency range (ii)
appearance of peaks in the loss spectrum (iii) typical
peak broadening with increase in temperature and
(iv) asymmetric peak broadening. The absence of
peaks up to a temperature 450°C in the pattern indi-
cates negligible or absence of current dispersion in
this temperature region. Fig. 4c shows peaks at
unique frequency that describes the type and
strength of electrical relaxation phenomenon in the
material [22, 24]. A significant broadening of the
peaks with increasing in temperature suggests the
presence of electrical processes in the material [25].
In addition, the coincidence of the impedance Z va-
lues at higher frequencies at all the temperatures
indicates a possible release of space charge.

Figs. 5a—c show the variations of real part of im-
pedance (Z' i.e. bulk resistance) with frequency at
different temperatures.

As we can observe, at relatively low temperature
(up to 500°C), the curve Z' vs. In f shows a monoto-
nic de crease in the value of Z' with temperature. The
impedance value is typically higher at lower temper-
atures in the low-frequency region and decreases
gradually with increasing frequency (Fig. 5b). As the
temperature increases, the pattern of variation of Z'
as a function of frequency assumes a sigmoidal vari-
ation in the low—frequency region follow by a pla-
teau region at higher frequency. This behavior has
been observed to be almost similar at temperatures
on and above 530°C (Figs. 5¢c and d). In addition the
magnitude of Z' a (bulk resistance) decreases with
increasing temperature in the low-frequency ranges
and appears to merge in the high—-frequency region
irrespective of temperature. This result can be at-
tributed to the release of space charge as a result of
reduction in the barrier properties of the clay mineral
sample as already mentioned in other works by some
authors [22, 25, 26]. The same authors have empha-
sized that this phenomenon may be a responsible
factor for the enhancement of AC conductivity of
material with temperature at higher frequencies.
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Electrical conductivity analysis

The conductivity o(w) has been evaluated from
complex impedance spectrum data. Fig. 6 shows the
variation of o(w) as a function of temperature.

This plot indicates a linear increase of conduc-
tivity with rise in temperature with a typical Arrhe-
nius-type behavior in two domains, having linear
dependence of logarithm of conductivity Ln (o % T)
on inverse of temperature 10%T K™, i.e., the electri-
cal conductivity is a thermally process, and obeys
the Arrhenius law ¢ = (oo/T) exp (-Ea/kT) where the
symbols have their usual meanings. The activation
energy (Ea) of the clay mineral sample can be calcu-
lated from the slope of a straight line. The increasing
of conductivity with rise in temperature shows a
typical characteristic of a semiconductor (i.e., nega-
tive temperature coefficient of resistance-type be-
havior). This curve indicates the presence of two
slopes in the pattern o(w) vs. 10%T corresponding
respectively  to  activation  energy  values
Ea; = 0.95 eV and Ea, = 2.07 eV, situated at the
temperature range between 570 and 580°C. This is
attributed very likely to a change in the conduction
mechanism, leading to an increase of the ionic con-
duction resulting either to a decrease of the barrier to
ion motion or to a decrease of the number of mobile
ions. Anyway, this could not be ascribed to a phase
transition in the material, i.e. to a structural change
since this structural change does not occur for the
illite sample between 500-600°C. In fact, most of
the studies described in the literature concerning the
DTA curves of illitic samples show an endothermic
reaction between 500-600°C which is characteristic
of the nonexpendable three-layer type of clay mine-
rals [27]. lllite could only dehydroxylate in this tem-
perature range.

Fig. 7 shows the variation of Log o versus log (f)
at various temperatures for illite It-1. It is observed
that the frequency dependence of conductivity
shows two distinct regimes, within the measured
frequency window: i) the low frequency plateau
region and; ii) high frequency dispersion region. The
plateau region corresponds to frequency independent
conductivity (opc) and dispersion region corre-
sponds to the frequency—dependent part (oac). The
opc Value could be obtained by extrapolating the
conductivity value to the zero limit frequency.

The observed frequency dependent conductivity
can be described by the equation of Jonscher (1983)
[28]: o(w) = opc + Aw", where n is the frequency
exponent in the range of 0 < n <1, a and n are ther-
mally activated quantities, hence electrical conduc-
tion is a thermally activated process. The AC con-
ductivity (cac) was found to obey the power law Aw"
(n < 1). The value of n was 7.65 x 10™ at T = 600°C.
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According to Jonscher (1977) [29], the origin of the
frequency dependence of conductivity lies in the
relaxation phenomena arising due to mobile charge
carriers.

Figs. 8 shows the variation of real part of electric
modulus M' as a function of frequency at different
temperatures. At lower frequencies, M' tends to be
very small confirming that the electrode effects
make a negligible contribution and hence may be
ignored when the data are analyzed in modulus for-
malism [25]. In the figure M' reaches to constant
value Moo at high frequencies for all temperatures
and this due to relaxation processes, which are
spread over a range of frequencies.
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Fig. 7. Log o(w) vs. Log (f) plot It(Mo) at different temperatures
(450-800°C) for It-1.

The variation of M" with frequency is shown in
Fig. 9 at different temperatures. In the M" plot; the
peaks are broader and asymmetric on both sides of
the maxima than predicted by ideal Debye behavior.
The frequency range where the peaks occur is indic-
ative of transition from long range to short-range
mobility [25, 30]. The peak in the M" plot shifts
tower higher frequencies with increase in tempera-
ture and also the peak height increases. The high
frequency side of the M" peak represents the range
of frequencies in which the ions are spatially con-
fined to their potential wells. The peak frequency of
the pattern, corresponding to maximum value of M"
is called conductivity relaxation frequency, gives an
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estimate of conduction relaxation time (t) in accord-
ance with the relaxation wmats = 1. The value of
relaxation frequency has been calculated in the tem-
perature range (182-800°C) and its variation as a
function of temperature is shown in Fig. 10.

The variation of Ln f,. as a function of inverse
absolute temperature appears to be linear satisfying
the relation f, = f,, exp(-E«/kT). We can also note that
experimental points representing simultaneously the
variations of conductivity and frequency f, with
temperature are located on segments of parallel lines
leading to the same slope values. Therefore, the ac-
tivation energy values estimated from the AC con-
ductivity pattern and modulus pattern are very simi-
lar and suggest the possibility of long-range mobility
of charge carriers (ions) via hopping mechanism at
higher temperature. Further, the appearance of peak
in the modulus spectrum provides a clear indication
of conductivity relaxation.

On the other hand, a similar study has been con-
ducted on halloysite clay sample (Ha-Kass) in order
to compare the ionic conduction mechanism in these
materials of different structural properties. Imped-
ance spectrum results indicate only the presence of a
single semicircular arc whatever the temperature
considered and hence the electrical processes in the
material may be attributed to only intragrain phe-
nomena (Fig. 11), which is not the case for illite It-1.
The existence of a temperature-dependent electrical
relaxation phenomenon in Ha-Kass sample has been
also observed (variation of imaginary part of imped-
ance (Z") as a function of frequency). In addition, as
observed in It-1 the analysis of impedance spectra in
the low frequency region, show a decrease in the
magnitude of Z' with rise in temperature i.e. negative
temperature coefficient of resistance (NTCR)-type
behavior like that of semiconductors.

The AC conductivity o(w) analysis shows typical
Arrhenius behavior when observed as a function of
temperature (Fig. 12). This curve indicates the pres-
ence of two different slopes in the pattern o(w) vs.
10%T, located above and below 673°C, correspon-
ding respectively to activation energy values
Ea; =0.94 eV and Ea, = 4.93 eV, which ascribe very
likely to a modification of the structural material.
Indeed, during this temperature 550-680°C a dehy-
droxylation process of the clay occurs and kaolinite
forms metakaolinite by dehydroxylation [31].

On the other hand, the possibility of long-range
mobility of charge carriers (ions) via hopping mech-
anism at higher temperature requires a comparison
of activation energy value estimated from conductiv-
ity o(w) and modulus pattern (Lnf,) as function of
temperature. Indeed, the variation of Ln oT and Lnf,
as a function of inverse of temperature is represent-
ing simultaneously as a comparison in Fig. 13. A
non-similarity in the of activation energy values is
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evident from these plots due to the obtaining of dif-
ferent slope values. Consequently, this finding can
confirm that the ionic conduction mechanism in the
Ha-Kass is not of type hopping as in the case of the
illitic clay sample. This significant difference indi-
cates that two phenomena or a mixture of several
phenomena is measured simultaneously for the ma-
terial. An electrical charge transport has been
demonstrated in the investigated sample and it is
very likely that the charge transport is mainly of
electronic nature.

Discussion concerning the electrical conductivity
results of the studied clays

A comparative study of electrical conductivity
has been conducted to better understand the electri-
cal transport mechanism. Fig. 14 shows the variation
of Ln (o x T) vs 1000/T for the two clay mineral
samples.

According to our results, it appears clearly that
electrical conductivity of the 1:1 halloysite clay
sample, has a much higher electrical conductivity
value than 2:1 illite 1t-1, there is about a factor 1000
between the values of conductivity regardless of the
temperature  considered (example at 727°C,
Ohakass= 102 Q% cm™, o1 = 5,4x10° Q™ .cm™). This
electrical conductivity is probably closely related (i)
to the microstructural of the clay mineral. In all cas-
es, the values remain below 1 which is consistent
with the works of Kaya, 1999 [32]. The author noted
that normalized electrical conductivity values are < 1
for kaolinite of Georgia and > 1 for bentonite, de-
termined at various water contents and NaCl concen-
trations; (ii) to the dimensions of the cell that seem
to play an important role in the mobility of the
charge carriers (cations) present in the interlayer
spacing of illite and kaolinite samples. From our
point of view, the decrease of electrical conductivity
of illite with respect to halloysite, is mainly related
to the structure of this mineral. It is well known that
illite is a 2:1 clay mineral with potassium (K) in the
interlayer that restricts shrinking and swelling. Po-
tassium ions bind to the oxygen plane of the basal
tetrahedral layer of adjacent units and are not ex-
changeable ions. The displacement of cations (main-
ly Na" ions which are mobile than other cations in
interlayer spacing is slowed by the presence of K*
ions of greater size creating a steric blocking effect
and therefore, the activation energy of the motion
process increases resulting in a decrease of the ionic
conductivity. Moreover, the presence of K* ions can
alter the distribution of Na* in the different available
sites. The conductivity may also decrease due to
decrease of the number of mobile ions. About hal-
loysite, things are otherwise, it has one layer of sili-
con atoms and one layer of aluminum layers in 1:1
structure. It is non-expanding clay mineral and dif-



ferent layer are held together by hydrogen bonding
which occurs between the plane of basal oxygen
atoms within a tetrahedral sheet and the plane of
hydroxyl group within the octahedral layer. In the
case of halloysite sample, the mobility of cations
(essentially Na* ions in the interlayer) is high lea-
ding to a decrease of the activation energy of the
motion process and subsequently to an increase of
the ionic conductivity. In any case, more studies are
necessary to clarify these points and to locate the
Na" ions in the structure of these clay minerals.

CONCLUSION

The electrical conductivity measurements per-
formed on the two clay minerals show that the mo-
bility of the cations in interlayer spacing (mainly
Na®) is mostly influenced by the structure of these
materials. In illite sample, some Na® ions are less
mobile, due to the presence of K* ions, leading to a
decrease in the number of species participating in
the conduction process which explains the decrease
of ionic conductivity of this clay mineral when com-
pared to kaolinitic sample.
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JuarpaMMbl UMIIEaHCa 110 LENU MEPEMEHHOTO TOKa
WCIIOJIB30BAIUCH Ul aHaIM3a DIEKTPUYSCKUX XapaKTe-
PHUCTHK BYX Pa3HOBUIHOCTEH TIMHUCTBIX MUHEPAJIOB M3
TyHuca — rajutocuTa ¥ WUINTA, ¢ COOTHOLICHHEM CETOK
1:1 u 2:1, cOOTBETCTBEHHO, B 3aBUCHMOCTH OT TEMIIEpa-
typHoro pexxuma: 80-800°C. PeanbHas 1 MHUMasT 4acTu
KOMIUICKCHOT'O COIIPOTUBJICHUA MPEACTABJIICHbBI B BHUJC
CJIEZIOB TMOJYOKPYKHOCTEH Ha KOMIUIEKCHOM TJIOCKOCTH.

3a uckmouenneM mwumrta It-1, To ects BToporo u3 uccie-
JIOBaHHBIX 00pa3LOB IVIMH, IPEICTABICHHBIE JHarpaMMbl
MOJTBEPXKIAIOT HAIMYME KaK OOBEMHOr0, TaK M 3€pHO-
rpann4Horo 3¢dekra npu temneparype 600°C u Bbiie.
OTMeuaercsi, 4TO 00OBbEMHOE CONPOTHBIICHHE Marepualia
MIOHIDKACTCSl TPH TOBBILICHWM TeMIeparypsl. JlaHHbIe
CIEKTPOCKOIIMU MMIIEIaHCa CBHECTEIBCTBYIOT O JTUIJIEK-
TPUYECKOW peJaKcali, KoTopas BbINagaeT M3 ypaBHe-
Hus [JleGas. Kak BumHo w3 mmarpamm HaiikBucra, mis
000uX MCCIEAOBAaHHBIX 00pa3IoB — rajulIOCUTa W WIUINTA,
XapakTepeH OTPUIATENbHBIH TeMIepaTypHbIi Ko3hhu-
IIUEHT CONpPOTUBIIEHNA. B paboTe mpencTaBiIeHs! pe3yib-
TaThl aHaIN3a OOBEMHOTO 3JIEKTPHUYECKOTO COMPOTHUBIIE-
HUSI M DHEPrUU aKTHBAIMU Uil 00OMX HMCCIIENOBaHHBIX
oOpasnoB. [na winura It-1, 3HaueHUs SHEpruM aKTHBa-
I[MH, ONpeAeIsIeMble C MOMOIIBIO JHarpaMMm YAeJIbHOU
MPOBOAMMOCTH TI0 NEPEMEHHOMY TOKY M aOCOJIOTHOTO
3HAYEHMs, OYEHb OJM3KH. JTO TOBOPHT O BO3MOXKHOU
JIOJTOBPEMEHHOW  TOJBM)KHOCTH ~ HOCHTENeH  3apsaa
(MOHOB) C HCIIONB30BAHMEM MPBDKKOBOIO MEXaHH3Ma
MIepeHoca 3JIEKTPUIECTBA TPH OoJiee BBICOKHUX TEMIepa-
Typax. C apyroil cTopoHsl, st 00pas3oB rayIOCHTa U3
ropona Kaccepun (TyHHC), C WCIIOIB30BAHHEM aHATIH3a
a0COJIIOTHOTO 3HAYEHHS, MOXHO AOIyCTUTb, YTO IPOILEC-
CBHl TIEpEHOCA 3JIEKTPUIECTBA, BECbMa BEPOSTHO, UMEIOT
ANIEKTPOHHBII XapakTep. Yacrora penakcalud COOTBET-
CTBYET ypaBHEHHIO AppeHuyca, IpHUeM 3HAuYeHHs dHEp-
I'MU aKTUBAallMd HECPaBHHMMBI CO 3HAYCHUSIMH, HaiiJieH-
HBIMH JJ151 Y/I€IEHOHN ITPOBOANMOCTH.

Kniouesvie cnoea. xaonunum, unium, npbIHCKOBbIU
MeXauu3M, aHAaau3 HOAHOU NPOBOOUMOCU, YOeTbHAS
INEKMPONPOBOOHOCb.
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BBEJAEHHE

B3aumojeiicTBHIO YacTUIl MHHEPAJIOB, OCOOCHHO
ATFOMOCWJINKATOB, C BOJOW IOCBSIIEHO OOIBIIOE
KOJIMYECTBO PadOT, B YACTHOCTH 00 MCIOIH30BAHUU
B COBPEMCHHBIX TEXHOJOTHSIX, HAIPUMEP IPU IMPO-
M3BOJICTBE METAJUTYPTUYECKOTO IIIMHO3EMa U Koary-
nsHTOB [1, 2], a Takxke ans MHTECHCH(HKAIMU TPO-
1ieccoB paszeneHus (a3 (cemumenTtarys, (aoTarws,
¢wibTpanys, NUEHTPU(PYTHPOBAHUE, KOATYISALUS H
ap.) [3]. OcobeHHo MIMPOKO MPUMEHSIOTCS CYCIICH-
3UH ATFOMOCHIIMKATHBIX MHHEPAJIOB B TEXHOJIOTHSIX
BOZOOYNCTKM W OOOTAIIeHHS TOJE3HBIX HCKOTae-
MbIX [4, 5].

B mpupose rpanuna pazuena $haz MuHepan/Bona
SBIISIETCSI OCHOBOW TPOIIECCOB CAMOOYHIIECHHUS BO-
noemoB [6]. Boga okaspiBaeT 3HAUMTEILHOE BIIHSA-
HUEe Ha (OpPMHUpPOBAHHE 3apsja IOBEPXHOCTHU
AFOMOCWIINKATOB, B TOM YHUCIIE ¥ KAOJIHHA.

[IpoGieme ruapaTanuy KaoJuHA MOCBSIIEHBI pa-
60T1hI [7-9]. TeopeTnuyecku pacCMOTPEHA HYKJICAIUs
nIpAa Ha moBepxHOCTH KaonuHa [7]. IlokazaHo, uTo
MTOBEPXHOCTh KaonnHa aMmdoTepHa, HO ee CBOWCTBa
IpUOIMKAIOTCS K THAPO(OOHBIM, TO €CTh CIOCOOHA
yAEpKUBATh JIMIIb MOHOCIOW aacopOMpOBaHHOU
Bozbl. CrieKTpalibHbIe HCCIIEIOBAHMS KAOJHUHA TIOKa-
3amu [8], 4TOo aKkTUBHOCTH MOBepXHOCTHHIX OH-
IPYII CHJILHO 3aBUCHUT OT UX TMOJIOKEHUS U OTpeie-
JISIETCSI CTEHCHBIO Pa3yHoOpsI0YMBaHUS TTOBEPXHO-
ctu. Kak crmeacreue, Touka HyneBoro 3apsaa pHrys
JUTS MAHEPAJIOB KAaOJMHA Pa3IUIHOTO MPOHCXOXKIe-
HUS HaxoauTcs B mpepenax 5+7 [9]. DTo cBs3aHo ¢
B3aMMHBIM BJIMSSHUEM CUJIMKATHBIX M OKCHJIHBIX
cioeB kaonuna [9], obnagaronux pasHeIM 3apsAaoM,
U aKTUBHOCTBHIO OTHOCHTEIHHO HMOHOB BOJIOpPOJA.

Takoe B3aMMOBIHSHKE, [0 MHEHHIO aBTOPOB, TPH-
BOJIUT K F€TEPOreHHOMY PacHpeleNICHUIO 3apsiIoB B
HOPUCYTCTBHU BOABL (DOPMHUPOBAHHUIO  (BOIHOTO
AIIEKTPUYECKOTO CJIOSI HAa CHJIMKATHBIX IEHTpax C
0o0pa3oBaHHEM OTPHUIATEILHOTO 3apsijia MOBEPXHO-
CTH MHHepaja U TOJHOW HeWTpaau3alii 3apsjioB B
okcugHOM cioe [6]. DTo dopMHpyeT IPOTOHHYIO
npoBoauMOCTh KaojuHa [10] BOMM3M CHIMKATHBIX
LICHTPOB, a Takxke obnactu pH-ycrolumBocTH Cyc-
NEH3MH MHUHEpalla W €ro 4YacTHYHYK Truapopoo-
HOCTb, CBS3aHHYIO C MCUC3HOBEHHEM 3apsjia Ha OK-
CHJHBIX LIEHTpaxX NoBepxHOCTH [9].

[pu WCCIIeIOBaHUN ANMEKTPOPHUINIESCKUX
CBOWCTB BOJHBIX CYCIEH3WN KaOoNWMHA W OCHTOHUTA
METOAOM CIICKTPOCKOIIUH QJICKTPOXUMHUYECKOT'O

umnenanca (COM) ycTaHOBIEHO WX aHTHOATHOE
noBeznieHue [11], xapakrepusyiomeecs yBeIu4eHueM
MPOBOJINMOCTH CYCHEH3UH OCHTOHHTA C pazdaBie-
HHEM W, HAoOOpOT, €€ CHIDKEHHEM B CYCIIEH3WUH
KaoJIMHA, YTO YKa3bIBaeT Ha Pa3iMYle MEXaHHU3MOB
THIpaTallii TOBEPXHOCTH KAaOJMHA W OCHTOHHTA.
JIeHCTBUTENBHO, UX OTHOCAT K Pa3jIU4HBIM CTPYK-
TypHbIM THmaMm: 1:1 — mis xaonuauta U 2:1 — mms
oceutonuta [12]. COOTBETCTBEHHO KAOJIMH HMEET
TUIOTHYIO YIIaKOBKY, C(POPMHUPOBAHHYIO YeITyHKaMu
reKcaroHaJbHOH (OpMBI, a OCHTOHHUT — PBIXIYIO
TUTACTUHYATYIO CTPYKTYPY, CKIIOHHYIO K HaOyXaHUIO
B BOJIC U DJIEKTPOJIUTAX.

Panee namu nokazano [13-16], uro mpu nepexo-
Jie OT TPOKAJICHHOTO K YBI&KHEHHOMY TPUPOTHOMY
OCHTOHUTY W Jajee — K €ro BOJIHBIM CYCICH3HIM
compoTuBienne cucteMm magaer ¢ 10° Om-cm B mpo-
KaJeHHOM OeHToHUTE 10 5-10% OM cM B YBJIa)KHEH-
HOM M ~ 10° OM-CM B €ro BOJHBIX CYCMEH3MAX. Bo-

© Kaznobun K.A., Ilepmuna E.JI., Koxanenko B.B., Macmok JI.H., 3anonsckuii A.K., DnekTpoHHas 06paboTka MaTepHasos,

2014, 50(1), 89-94.
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Jiee TOTO, B MIPUCYTCTBUH BOABI CYIIECTBEHHO H3Me-
HSIOTCS MEXaHU3Mbl IPOBOJAUMOCTH CYCIICH3UOH-
HBIX CHCTE€M, a NIpU TEPEMCEIIMBAHUU CYyCIICH3UN
MUHEPAJIOB MPOSBISETCS MEXaHOXHMHUYECKasl TeHe-
parus nepokcuaa Bomopona H,O, Ha moBepxHOCTH
YacTUI[ CyCHeH3WH. TakoW MeXaHHM3M TeHEpaluu
AKTUBHBIX OKHCIIUTENIEH B BOJE, BIIEPBHIE OOHAPY-
KeHHbIN [loMpadeBbIM ¢ coTpyanukamu [17], moa-
TBEP)KIEH HAMH JUIA CYyCIICH3WHA OEHTOHUTOB
[12-13]. IIpu nmepemMemMBaHUU CyCIIEH3UH YAaIOCh
JIOCTUTHY Th MTOBEPXHOCTHOU KOHIICHTPAIIUK
5.10° M H,0,[16].

[Tepeuunciennbie BbIlIE 0COOCHHOCTU CYCIICH3U-
OHHBIX CUCTEM chopMupoBau 3a0dauy
uccnedosanus — BBIACHEHHE PONU TUApATAMH W
MIPUPOIBI TMPOBOJUMOCTH KaoJIMHA PA3IMYHON CTe-
[IEHU THIPATAlUU U ONpEJCIICHUE €ro KaTaluThye-
CKOM aKTHBHOCTU B peakuusax resepauuun H,O, B
YCIIOBHUSIX MEXaHOXUMHUIECKOTO BO3IEHCTBHSI.

METOJIMKA 3KCIIEPUMEHTA

IIpoanamm3upoBanbl FTIR-ciexTpsl moBepxHO-
CTH TPHPOJHOTO KAOJHHA, CICKTPHI HMMIIEIaHCa
MPOKAJIEHHOT0, O0E3BOKEHHOTO M YBIAKHEHHOTO
(15 06.%) kaonuHa, a TakXe BOJIBTAMIIEPOTPAMMEI
CyCIIeH3UM KaojiuHa. Vcrmosib30BaH oOOTamieHHbIN
KAaOJIMH-ChIpeN] [ JTyXOBEIIKOTO  MECTOPOXIACHUS
(Yxpauna), TOCT 21286-82. Xumuueckuii coctaB
MaTepuaa mpuBeAcH B Ta0m. 1.

PacyeTHBIM TyTEM yCTaHOBJIEHO, YTO HCCIEIye-
MbIi  oOpazery coxepxkur 86% kaommHa @ —
Al,Si,05(0H),.

Jlis npUTOTOBIIEHUS PAcTBOPOB U 00pabOTKH
00pa3loB HCMOJIb30BATH JUCTUIIIMPOBAHHYIO BOIY
(TOCT 2874-82). Tepmuueckyro 00pabOTKy KaoJH-
Ha 1ipu Temmeparypax 120, 600 u 1000°C mposoxu-
mu B meun CHOJI 7,2/1100, TermoLab (Ykpauna) B
TeueHue 4 vac.

Cuexrpanpabiii UK-Oypre aHaan3 oCymecTBIIs-
au Ha cnekrpomerpe Perkin-Elmer Inc. — Spectrum
BX FTIR Spectrometer serial Ne 78202 ¢ aBromaTu-
gecKoW peructparueil crekrpoB B cpeme KBr mo
CTaHIapTHOU MeTonuke. OOpasmamMu CIIyKWIH BO3-
ayuHo-cyxoit (14% H,0) u coneprkamniuii JONOIHU-
TenbHO 15% BOIBI KaOIWH.

s 7eKTPOXMMUYECKUX H3MEPEHUI HaBECKHU
ATFOMOCHJIMKATOB 3arpy’Kalld B SYCHKY B BO3YIITHO-
CYXOM COCTOSTHHH, a 3aTeM YBJIXKHSIM HA MPOTSKE-
HUU 2 Yac JUCTUUIMPOBAHHOM BOJOU /10 MOTYyYECHUS
15 06.%. /3 xaonuHa TOTOBHIIU BOJHBIE CYCICH3HU
¢ cogepxanneM 1% mac. mucnepcHoit ¢azel. [lox-
Jep’)kaHne CTaOWIBLHOCTH CYCIICH3WH obecrednBa
opburtaneHbiii BeTpsixuBarens IKA MS 3 basic
(Tepmanmus).

ITpoBOAMMOCTH PacTBOPOB, 0Opa3IOB Marepua-
JIOB M MEXaHU3MOB AJICKTPOJHBIX PEAKIIMI HCCIIEIO0-
BaJIMCh HA OCHOBAHWU aHAJIN3a CIEKTPOB AJICKTPO-

xuMugeckoro nmnenanca (CON) myTeM mocTpoeHust
OKBUBAJICHTHBIX cXeM. CHEeKTpBl 3JIEKTPOXUMHYE-
CKOT'0 UMIIEJIaHCa CHUMAJIH B SUEHKe C TUIAaTHHOBHI-
MH 3MIEKTPOJAMH IUIOMABIO 10 2 CM> Ha PacCTos-
UM 1 cM Ha 3IIeKTpoXUMHUYeckoM Moyiie Autolab —
30 mozenu PGSTAT302N Metrohm Autolab, ocna-
uienHoM moxaynem FRA (Frequency Response Ana-
lyzer), B maTepane 10°-10° I'm. Moxyinem FRA
yIOpaBisid mpu momomiu mporpammer Autolab 4.9
NpY aMIUTATY]Ie BO3MYIIAIONIEro curHana £ 5 MB ¢
nocneayroreit 0opadboTkoii B makere Zview 2.0.

[Tuknuveckre BOJbT-AMIIEPHBIC XaPAKTCPUCTHKH
cycnensuii canMany Ha norennuocrate [1M-50-1 co
ckopocteio pasBeptku 10 MB/c B anmekTpoxummye-
CKOW sYeliKe CrelnuanbHOW KOHCTpyKiuu (puc. 1),
MO3BOJISIONICH PETYIHPOBATH M YCPEAHATH CKOPOCTh
noroka. KoHcTpykuus obecrieunia nepeMeninBaHue
3IIEKTPOJIUTA CO CKOPOCTHIO ABHKEHHUS BIIOJb UHIIH-
kaTopHO#H cdepbr 6 cm/c anamormyno [16]. TToTtok
TaKOW CKOPOCTH MOJCIUPOBA MPOTOYHBIA BOJOEM.
Pa3BepTky OCYIIECTBISUIM MO IHKIY: B AHOJHYIO
cTopoHy 10 + 1 B OTHOCHTENBHO CTAlMOHAPHOTO
noreHuuana E,, a 3ateM — B kKaToaHywo a0 —0,6 B
OoTHOCUTENBHO E ;. Bocpon3BoAMMOCTh U3MEpPEHUM
JOCTHUTANIACh MSATHKPATHBIM CHSATHEM KPUBBIX C TOY-
HOCTBIO + 5%. Pabodmm 3IeKTPOIOM CITYKHII MHK-
PO3OHI AJISl CKAHUPOBAHHUS CYCIEH3HOHHBIX CHCTEM
B Buge Pt-chepst nuamerpom 1,1 MM Ha m30ommpo-
BaHHOM TOKOIIOJIBOJIE C TUIOTHO IOJBEJCHHBIM Ka-
MUIUISIPOM 3JIEKTpoJia cpaBHeHus [16].

Bce onbiTh npoesenst mpu 20 + 2°C.

OBCYXXIEHUE PE3VYJIbTATOB

Ha UK-crnektpax kaonuHa (puc. 2) HaOIIOAAI0T-
Cs TIOJIOCHI B JAMAalria3oHaX, XapaKTEepPHBIX /IS Ba-
JICHTHBIX KoyieObanuit rumpokcua-annona (3620 wu
3700 cm™). Ipu meranbHOM pacimdpoBKe CHEKTpa
o0Hapy)XeH HEOOJBIION MWK ¢ MaKCHMyMOM
1636 cm™, KOTOpEIA XapakTepeH s KoMeGaHMi
MOBEPXHOCTHOM BOJBI B KoMIuiekce Tuna M-OH,. B
COOTBETCTBUH C JaHHBIMH CIIEKTpaMH yBEINYCHUE
KOJIMYEeCTBa BOJBI HE JIOJDKHO OTPa)KaThCs HAa HC-
XOIHOM CTPYKType MHHEpaja, YTO U JOKa3aHO JKC-
nepuMeHTanbHO (cM. puc. 2). Tem cambIM MOATBEp-
XKaeHa ciaabast GuKcaris BOIBI MMOBEPXHOCTHIO MU-
Hepasa, 4TO MpeAroyaraeT Malibile M3MEHEHHs Xa-
pakTepa IepeHoca 3apsAAa W NPOBOAWMOCTH MPH
N30BITKE BOEI.

[Ipu paccmorpennn COU nucnepcuii kaoianHa Ha
PasHBIX CTagusIX TepMOOOPaOOTKH OOHAPYKEHO, UTO
B YCIOBHAX OJKCIIEPHMEHTa HM3MEpPEHUS BO3IYIIHO-
CyXUX TIOPOIIKOB HE JA0T BOCIIPOWU3BOJUMBIX pe-
3yJIBTaTOB, YTO CBS3aHO C BBICOKUM HEBOCIPOM3BO-
JTUMBIM COTIPOTUBJICHHEM 00pa3ioB. JTO 00yCIIOB-
JIEHO YCWJIEHHWEM CIIOHTAaHHOTO B3aWMOBIIMSHUS
CHJIMKATHBIX M OKCHJIHBIX CJIOEB MHHeEpaja ¢
YMEHBIICHUEM KOJMYECTBa MOJIEKYJ BOJBI HA Me-
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Ta6auua 1. XumMudecknii cocTaB HCCIIeI0BaHHOTO KaosuHa (%0)

Moo SiO, AlLO; Fe,05 MgO Ca0 TiO, P,0s5 MnO
14 46,4 34,0 0,69 0,23 0,05 1,35 17 0,002
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Puc. 1. Slueiika I BOJBTaMIIEPOMETPUYECKUX H3MEPEHHMIA:
1 — mopucToe OCHOBaHUE; 2 — IPOTUBOAICKTPOIBI; 3 — pACTBOP
mubo cycmeHsus; 4 — W3MEPUTCIbHBIA 3JCKTPOI—30HI;
5 — pasnmenurtensuble auadparme;; 6 — kamwusip Jlarruxa,
7 — pepacipenenuTelb 0ToKa.
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Puc. 3. Crekrpbl HMIIeJaHCa 1 SKBUBAJICHTHAS cXeMa yBiaxkHeHHoro kaonuHa (15% H,0) nocie Tepmudeckoii 06padorku (°C):
1 — ucxomusiii (20); 2 — 120; 3 — 600; 4 — 1000. CripaBa — CTpOCHHE SICKTPOXUMHIECKOM CHCTEMbI YBIAKHEHHbIH KAOJIHH — BOJIA.

Tayu-okcuaHbIX 1eHTpax [10]. Takoe mnoBeneHme
00pasoB MPOAVKTOBAIO HEOOXOIMMOCTH H3MeEpe-
HUsI CIICKTPOB MMIIEIaHCA B MPUCYTCTBUM HE3HAYH-
TEILHOTO KOJIMYecTBa BoAbI (puc. 3, Tadum. 2).

Tab6auna 2. [TapameTpbl SKBUBaJICHTHONW CXEMBI MPOBO-
JIUMOCTH KaOJIMHA

Oobpasen Rsol CPE-T CPE-P R,
YBIIQKHEH-
HBIA
Hcx. 617,1 0,00051 0,7630 13926
120°C 642 0,00044 0,7642 25977
600°C 270,5 0,00061 0,8014 47805
1000°C 349 0,00063 0,8066 93950

Ha ocHoBanum mccienoBaHuil ¢ HPUBJICYCHUEM
peHTrenodas3oBoro aHanusa mokasaso [1], 4ro kxao-

muHAT 1ipu cymike A0 120°C He ucHBIThIBaeT HEOO-
paTUMBIX TPEBpAIICHUH, MPU MOBTOPHOW THIpaTa-
UM CyXUX 00pa3IoB TUApaTalus X BO30OHOBIISET-
csi. OIHAKO C MOBBIIICHUEM TEMIIEPATYPbl CYLIKH 710
450-550°C mporecc peruaparaidd IIPOUCXOIUT
3HAYMTENFHO MeJieHHee. B mporecce mpokanuBa-
Hust ipu 1000°C nmpoucxonut oOpa3oBaHue MyJUTUTA
3AIl,03 - 2Si0,, KOTOPEIH MPAKTHYECKH HE THAPATH-
pyeTcs.

[TonydenHsie cnekTpsl B KoopauHaTax HalikBu-
cra mopobusl COU uHardPepeHTHOro AIIEKTpOoIUTa
[14] m yka3pIBalOT Ha MPOTEKAHHWE SJICKTPOIHBIX
peakuuii (HaKJIOH JTHHHUHK CIeKTpa oTiamdeH ot 90°).
[Tpu MOBBILIIEHHH TEMIIEPATYPbI IPOKATUBAHMUS, HEC-
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Puc. 4. Criextpsl uMIieianca B koopanHarax Haiiksucra (a), boae (6) u sxBuBanentHas cxema (B) 1% cycrieH3uii KaoluHa ¢ TeMIIe-

parypamu o6pa6otku, °C: 1 — ucxomusiii (20); 2 — 120; 3 — 600.

MOTpSI Ha W3MEHEHHE XMMHYECKOTO COCTaBa MHUHE-
pana, CBs3aHHOE C IMOTeped BOJBI M HM3MEHEHHEM
CTPYKTYpHI [1], I3MEHsIeTCS TUTITH aKTHBHAS COCTAB-
JSFOIAs MMIeaHca Ha TpaHMile paszaena (a3 dJek-
Tpo/pacTBop.

Hanmmaue mpa0mono0HON CTPYKTYpHI BOIBI, KO-
Op/IMHUPOBAHHON OKOJIO OKCHUIHBIX [IEHTPOB, CO3/a-
€T TPOCTPAHCTBEHHBIC 3aTPyIHEHHUS B MPOIBIKE-
Hun 3apsga (cM. puc. 3, 0) W3-3a CTabMIM3AIMN
CUMMETPUHM BOAOPOIHBIX cBsized. [losTtomy yBenu-
YCHHE COJICPXKAHUS BOJIBI B KAOJIMHE HE MPUBOAMT K
CYIIECTBEHHOMY HW3MEHEHHIO JJIEKTPOXUMHUYIECKHIX
CBOHCTB CYCIIEH3UH OTHOCHTEIHHO OE3BOTHOTO 00-
pasua. [Ipu yBelTH4YeHUH KOJUYECTBA BOJbI B CHUCTE-
M€ TMOBBIMIACTCS COMPOTUBICHUE HAa TPAHUIIC AJICK-
tpoa/pactBop (Tabm. 2), 9To yKaspIBaeT Ha OJIOKHU-
POBKY TIOBEPXHOCTH IIATHHOBOT'O BJIEKTPOJa MOJIE-
KyJIaMu BOJIBI M KHcaopoaa [15] u Ha Hamnune 3Jek-
TPOIHBIX pEaKIuil, CBsI3aHHBIX C ajcopOumel pac-
TBOPEHHOTO KHCIIOPO/IA!

Ope + Ho0 + 267 — 20H". 1)

[MosiBneHrne TUAPOKCUI-HOHA B MPHUIICKTPOTHOM
CJI0€ TOJIKHO IPEIMATCTBOBATH ABM)KEHHUIO ITPOTOHA,
KOTOPBIN SBJSICTCS B 3TOM CIIy4yae OCHOBHBIM HOCH-
TeneM 3apsaa. Huskue 3HaYeHHs dIeMeHTa MOCTOo-
saaoi (a3el CPE-T mo3BoJsAOT cienats BBIBOJ O
CXeMe JBIXKCHHUS NPOTOHA, KOTOpas OyIeT HMMETh
T-o0pasHelii xapaktep U (OPMUPOBATH AKTHBHOE
COMPOTHBIICHUE UCCIEIYyEeMbIX 00pa3lioB. 3HAUCHUS
CPE-P, npubnusutensHo pasubie 0,8, sBistoTcs
[TOATBEPKACHUEM HAIMYUS Ha 3JICKTPOJC TIOTHOTO

JIBOWHOTO CJI0s, OJIOKUPYIOIIETO BOCCTAaHOBJICHHE
MPOTOHA.

JUis TONTBEpXKIACHUS BIUSHHUS KUCIOpOJa Ha
3JIEKTPOTPOBOIAIINE CBOWCTBA KAOJHWHA MPOBEACHO
ncciaenoBanne ero 1 mac.% cycnensuit. CpaBHU-
TEJIBHBIN aHAN3 TIOJMYYEHHBIX CIIEKTPOB OOHAPYKHUIT
KaK BU3yallbHbIC, TAK U MOJIeTbHbBIC OTIanuus (puc. 4,
Tabm. 3), KOTOpbIe yKa3bIBAIOT HA MOSBJICHHE B CH-
cTeMe OOJIBIIIOrO KOJIMYECTBA JIOJITOXKHUBYIUX I1a-
paMarHUTHBIX YacTull (B YaCTHOCTH, ajcopOHpo-
BAHHOTO KHCJIOPOZa). DTO MO3BOJSIET BBECTH B IK-
BUBAJICHTHYIO CXEMY CBSI3aHHBI C HHUM DJJEMEHT
HHIYKTHBHOCTH [16]. VBemuueHwme akTHBHOIO CO-
MPOTHUBJIEHUST HA TPaHMIIE DIEKTPOA/pacTBOp MOJ-
TBEPXKJACT Y4aCTHE BOJIBI M KHCIOPOJa B (POPMHUPO-
BAHHHU CJIO)KHOM CTPYKTYpbI IPU3IEKTPOJHOTO CIIOS.

Ta6ummna 3. [TapameTpbl SKBHBaJCHTHOW CXEMBI MPOBO-
Jqumoctu 1% cycriensuit kaonuHa

CycneHsus L Ry CPE-P CPE-T R,
Hcx. -0,000156 | 1540 | 0,00053 0,8240 10579
120°C -0,000223 | 1913 | 0,00053 | 0,80767 74028
600°C -0,000307 | 2238 | 0,00051 | 0,79874 | 112330

B o6pa3max ¢ moiaHOCTHIO YIaIeHHOW COOCTBEH-
HOU BOJOM (CcM. Tabi. 3) 3TO BAMSHUE 3HAYMTEIHHO
CUIIbHEE, YeM B BOJOCOJEpXKAIMX 0o0pasiax. IToT
(bakT TOATBEPXKIAaeT y4acTHE BOJABI B TEHEpaIuu
HOCHTEJICH 3aps/ia B CTPYKTYpPE HUCCICAYEMBIX 00-

pasioB ¥ (HOPMHUPOBAHMHM  TPAHUIBI  DJEK-
Tpoa/pacTBop. BO3MOXHO BIMSIHUE WM THAPATHPO-
BaHHBIX (opm moHoB xene3a |1, onnako ux coxep-

JKaHHUC B COCTaB€ KaOJIMHAa BCCbMa HC3HAYHTCIIBHO




(menee 1 mac.%), 4TO HE MOKET BBI3BATh HAOIIOMA-
eMoe U3MEHEeHHE CONpoTUBIICHU Ha 45%.

JInst BBISSCHEHHUSI BO3MOKHOCTH 3JIEKTPOXHUMHUYE-
CKOM TeHepanuy aKTUBHBIX (JOPM KUCIOPOIa CHSATHI
[UKINYECKHE BOJbTamreporpaMmer (puc. 5) B pas-
JIMYHBIX peKUMax (CTAaTHYECKOM U JHUHAMUYECKOM),
KOTOpBIC MOJATBEPIMIM KATOAHYIO TE€HEPAIHIO Iie-
pokcuma Bozopoxa [17], yBemuuuBaromyrocs B
YCIIOBUAX MEPEMEIINBAHUA.
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Puc. 5. Bonbr-amnepusie kpuBble 1% cycrieH3uii kaoinHa B
IUCTHUIMPOBAHHOW Bone: 1 — CTaTWYecKuil pexum; 2 — CKO-
poctb mpoToka 6 cm/c.

Konnentparuio mepokcumaa BoI0Opoaa Ompees-
JIX U3 BOJIBT-aMIICPHBIX KPHUBBLIX B 001acTH MOTEH-
[MAJIOB PEaKITUH:

02 +2H + 2e — HzOz;

H,0, + 2H" + 2e — 2H,0.

)
3

B skcnepumenTe mosrydeHs! kormnenTpaun HyO,
JUTS CTATHYECKUX YCIOBUH: Ceryr = 2,48 - 10 M; s
ycnoBuit nepememmBanus: Cy,; = 3,47 - 10° M, uro
Ha MOPSAIOK HIDKE, YeM JJIS CyCIIeH3UH OEHTOHUTOB.
Matepuan KaoJavH BBICTYIIAET B OOJbILIEH CTETIEHH B
ponu TypOyiu3aTropa MOTOKA, YeM B POJH KaTallu-
TUYECKH aKTHBHON TOBEPXHOCTH. 3J1€Ch TPOSIBIIA-
10TCSl 0COOEHHOCTU CTPYKTYpHI 1:1 KaonuHa ¢ mioT-
HOH yIaKOBKOW U MOHOCJIOEM BOJIbI HA IOBEPXHO-
ctu. OTCyTCTBHE JalbHETO CTPYKTypHUPOBaHUS
JIEKTPONIUTa OOYCIIOBIMBAET HHU3KYIO aKTUBHOCTH
MUHEpaja B PeakiMd MEXaHOXMMHYECKOW TeHepa-
muu H,0,.

Takum 00pa3oM, TMOSIBIIEHHE AalFOMOCHIINKATA,
HUMEIONIEr0 THAPO(OOHBIC IEHTPHI, YCHUIMBAET HE-
OJTHOPOJTHOCTh €r0 MOBEPXHOCTH 32 CUET U3MCHEHUS
CTETIeH! U YCJIOBUI TiepeHoca 3apsaa ¢ hopMupoBa-
HUEM KaHAaJOB MPOBOIMMOCTH C YYacCTHEM BOJIBL
IunpodhoOHBIE TEHTPHI BHITOIHSIOT POIb KPEryJiIH-
POBIIMKOB» JIBUKEHHSI TPOTOHA 10 CETKE BOIOPO/I-
HBIX CBSI3€H, PETIaMEHTUPYIOMINX KOJIWYECTBO MO-
JIEKyJ BOJBI, a CIEIOBATEIHHO, U KOJIUYECTBO IMPO-
TOHOB B KaHane. Hwu3kas mpoBOIUMOCTH KaoJIMHA
OJIOKUpPYET TOABON JJEKTPOHOB B 30HY PEaKIUH.
Hanuuue peryiupoBaHHOTO JBHIXKEHHS MPOTOHOB U
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AJIEKTPOHOB CO3/Ia€T YCIOBHS ISl KATOTHOW TeHe-
paIuu «aKTUBHOTO» KUCJIOPOJa, B TOM YHCIIE U TIe-
pokcuaa Bojgopoda. OOHAKO NPUCYTCTBUE TUIPO-
(OOHBIX YYaCTKOB CHIDKACT yAEIbHBIN MPOTOHHBII
U DJIGKTPOHHBINA MEPEHOC, UYTO (PaKTHUECKU DKPAHU-
pPYeT DSICKTPOIHYIO PEAKIHUI0 OT MEXaHUYECKOU
aKTHUBAIUH.
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Hocmynuna 19.12.12
Summary

The role of kaolin hydration and the nature of its con-
ductivity with varying degrees of hydration is established
by application of certain electrochemical methods. Also,
its catalytic activity in the generation of H,O, under
mechanochemical action is defined. It is shown that for
the kaolin close-packed structure 1:1 with a monolayer of
water on its surface the catalytic activity is low.

Keywords: kaolin, hydration, impedance, mechano-
chemistry.
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OnpenesieHne mnapaMeTpoB CyOMUKPOCTPYKTYPbI
JIEKTPOXUMHUYECKUX MOKPBITUI M0 UX TWIATANUN

I'. B. I'ypbsanos, FO. E. Kuceanb

Bpsanckas eocydapcemeennas cenbCKoxo3sicmeeHHas akademus,
bpsnckas 061., c. Kokuno, 243365, Poccus, e-mail: YPK2@mail.ru

YcTaHOBNEHB! 3aBHCUMOCTH MPOYHOCTHBIX CBOMCTB KEJE3HBIX IMOKPBITHI OT MapaMeTpoB MHKpO-
CTPYKTYPBI METaJlJIa TIPH AJIEKTPOOCAXKICHUH U TEPMHUYECKOI 00paboTKe, XapaKTepu3yeMon auiara-
nueil. MccnenoBaHo BIMSHUE BBICOKOTEMIIEPATYpPHOrO BO3AEHCTBHS HA MPOYHOCTb U CTPYKTYpY MO-
kpeITuil. [Toka3aHo, 4TO B Ka4ecTBE KOHTPOJIBHOTO MapaMeTpa NMPOYHOCTHBIX CBOMCTB JKeJIe3a MOXKHO

HCII0JIb30BaTh JUJIaTalluIO.

Kniouesvie cnosa. xomnosuyuonuvie 21eKmpoxXumMuiecKue NOKpulmus, 1eKmporumudecKue Cniagol,
CMPYKMYypa, MexanudecKue c60UCmad, UsHOCOCHOUKOCMb, OucnepcHas gasa.

YK 631.3.004.67:621.35.035.4
BBEJEHUE

CBsi3p  (PU3MKO-MEXaHUYECKUX CBOMCTB IOKpHI-
TUH CO CTPYKTYpOH OCaJKOB ObLIa MPEIMETOM HC-
CIIeIOBaHNMN, TpennpuHATHIX B HWHCTHTYTE TpH-
knaaaoit puzukn AH MCCP yueHbIMHU HIKOJIBI aKa-
nemruka FO.H. IleTpoBa, B 4MCIIO KOTOPBIX BXOAMI U
onuH u3 aBTopoB. C yderoM 0OOOOIEHUS CBOMX U
JMAHHBIX IPYTUX HCCIIemoBaTenel Oblia pa3paboTana
Teopuss TreHe3nuca Ae(eKTOB CTPYKTYpHI IKenesa
[1-3]. OcHoBoi#1 pa3pabOTKU TOCITYKUIH HCCIEIO0-
Barms O.H. Ilerposa, B.C. MamonTtoBa, A.M. Ko3-
moBa, A.E. Tamkuna, B.B. Kapskuna, B.C. Kan-
mynkoro, B.K. Amnnpeiiuyka, A.M. Amnzapeesoi,
B.®. I'onorana, A.M. aiigynuna, I1.M. Menkoga,
A.H. llIBenioBa, A.B. MutpsikoBa u 1p. 9Ta TeOpHsl
SIBUJIACh 0a3ucoM il pa3pabOTKU CTPYKTYpPHO-
SHEPreTHYECKOW TEOPUH (POPMHUPOBAHHUS MEXaHHUYE-
CKHX CBOWCTB JJIEKTPOJIUTHUYECKOTO JKeJe3a, T03BO0-
JIUBIICH OOBSCHUTH MPOUCXOKICHHUE €r0 TaK Ha3bl-
BaGMbIX OCOOBIX (DU3UKO-MEXaHHUYECKUX CBOWCTB.
[lomydeHHBIE TIPY 3TOM aHATUTUYECKHUE BHIPAKECHUS
CBSI3M (PH3MKO-MEXaHUYECKUX CBOWCTB Kele3a ¢
OCHOBHBIMHU TapaMeTpaMH €ro CyOCTpyKTypbl (Be-
JUYUHON OJIOKOB MO3aWKH, IJIOTHOCTH JTUCIIOKAITHH,
CYyOMHUKPOTPEIINHOBATOCTHIO), KaK MOKa3aJl aHAJIN3,
JOCTATOYHO JOCTOBEPHO COBMAJAIOT C pe3yJibTaTa-
MU HCCIIEIOBAHUSA HE TOJIBKO JUIS JJEKTPOJHUTHYE-
CKOTO, HO W Ui MAPOMETAIIYPTHYECKOTO JKeJe3a
[3]. DTor pesympTar — OOBEKTHBHOE OTPAKECHUE
€JIMHCTBA TPUPOJBI MeTallla, KaKUM ObI CIIOCOOOM
€ro HH TOJIyYajH, U 3aBHCUMOCTH €ro CTPYKTYpPHO-
YyBCTBHUTENIBHBIX CBOHCTB OT ocoOeHHocTed (op-
MHUPOBaHUSl CTPYKTYpbI, BBI3BAaHHBIX pPa3BUTHEM
IIacTUYEeCKOr AeopManyy KPpUCTalIOB B TIpoIiecce
nedhopMHupOBaHUS TOKPBITHA. OH OTpa)kaeT HATMIHE
IyOOKOHM aHANOTMU M pealibHOM (QU3UYECKOU CBA3U
Mex1y (pa30BBIMU TPEBPAIICHUSMH U IIACTUYCCKON
nedopmareii (oOpasoBaHMEM M IIEpEMEIIEHHEM
neeKToB, B MEPBYIO Ouepeib AMCIOKAIHIA), KOTO-

pasi ompezessieT XapakTep Pa3BUTHs IPEBpPAIICHUS
[4, 5]. Lenecoobpa3HOCTh TAKOTO MOAXOA ISl COB-
MECTHOTO aHajii3a CTPYKTYPHI M CBOICTB 3JIEKTPO-
JUTHYECKUX W MUPOMETAIUTYPIrHYECKHX METaJIOB
MOATBEPXKIACHA PAIOM paboT, OMyOJMKOBAaHHBIX B
nocnensee Bpems [6-11 u mp.].

B TexHWKE MCTIONB3YIOTCA TIIaBHBIM 00pa3oM re-
TepodaszHple KpUCTALIMYeCKHe Marepuansl. [lomu-
KPUCTAJUIBI, COCTOSIIUE W3 Pa3IUIHO OPHUEHTHPO-
BaHHBIX 00JacTell OHOM M TOH ke (a3bl, pa3mencH-
HBIE TPaAHHIAMH, MOXXHO pPacCMaTpHBaTh KakK HX
4yacTHBIA ciaydail. @a3oBble NpEBpaLICHUS B HUX
CBSI3aHBI C W3MEHEHHEM aTOMHO-KPHCTaNTNYECKON
CTPYKTYPBI, XapaKTepU3yeMbIM BKIIaIOM, BHOCHMBIM
B HEro pa3iMuHbIMU TUNaMu JedekroB. B cosep-
HIEHHOM (HJIeaIbHOM) KPHCTAJUIE, KOTOPhIH MOXHO
MPEJICTABUTh KaK OECKOHEYHYIO COBOKYITHOCTH aTO-
MOB, IUIOTHO yTIaKOBAHHBIX B MPOCTPAHCTBE, Je(eK-
TBI OTCYTCTBYIOT. COOTBETCTBEHHO TEOpPETHUYECKAs
TUIOTHOCTh BEIIECTBA OMPEAEINAETCS €ro MOJEKY-
JsApHOI Maccoit u o6bemomM. Hampumep, st xumu-
YEeCKH YHCTOTO JKelle3a MPH KOMHATHOH TeMIepary-
pe oHa pasHa 7,879 r/cm® [3]. TINOTHOCTH peaTbHBIX
KPUCTAJUIOB U3MEHSETCSI B CPAaBHEHHH C TEOPETHYIe-
CKOI Ha BENMYMHY JWIATAIMH, YCTaHABIUBAECMOU
SKCIIEPUMEHTAIILHO U 3aBHUCAIIEH OT BKJIaja nedek-
ToB. IIpu 3TOM paccMaTpuBalOTCS YHCTHIE JIEKTPO-
JUTHYECKUE WIH MHAPOMETAILTYpPrUuecKue Marepua-
7B, B KOTOPBIX JOJSl MOCTOPOHHHX JIIEMEHTOB
BeCchMa HE3HAUMTENbHA MIJIM CTPOTO KOHTPOIHPYyEMa.
JelcTBUTENbHO, NPU MOJTOTOBKE TrajlbBaHUYECKUX
BaHH M OJJIEKTPOJIM3EPOB MNPEANPHUHUMAIOT CIICLH-
abHBIE MEPHI 110 OYUCTKE COJICH U DIEKTPOIUTOB OT
MOCTOPOHHHUX TpuMeceil. CienoBaTenbHO, IEKTPO-
JUTHYECKUE CIUIABBI M3 KpPyra aHAIM3UPYEMBIX Ma-
TEPHUAJIOB JOJDKHBI OBITh HCKITIOYEHBI. JlumaTamms,
ompezaensieMas OTHOCUTENFHONW IUIOTHOCTBIO peallb-
HOro Marepuana (B CpPaBHEHHH C TEOPETHYECKOI)
WIN OTHOCHUTENBHBIM 00BEMOM, MOXKET XapaKTepH-
30BaTh €ro oOmyto NedeKTHOCTh U CIYXHUTh IS

© T'ypwsinos I'.B., Kucens FO.E., Dnekrponnas obpaborka Marepuaios, 2014, 50(1), 95-100.
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OTICHKHY BKJIaJa B HEEe OTACIBHBIX Me(eKTOB, CIemo-
BaTelbHO, B (OPMUPOBAHUE TOHKOW CTPYKTYPBI
ITosToMy wEIBI0 HCCACAOBAHMM SIBUJICS IIOMCK
HEMOCPEICTBEHHON CBSI3U AWJIATAIlMU C Tlapamerpa-
MU CTPYKTYpbl U (DU3MKO-MEXaHUYECKHMMH CBOW-
CTBaMU AJIEKTPOIUTHUECKUX MOKPBHITUH.

METOJIMKA VCCJIEJJOBAHUI

AHanM3 B3aMMO3aBHCUMOCTH CyOMHKPOCTPYKTY-
PBI 3JEKTPOJIUTHYECKOTO JKeje3a M CBOWCTB, CBS-
3aHHBIX C HEH, C ero Aujaranued MpoBOAMIM Ha OC-
HOBE COOCTBEHHBIX HccienoBanuii [12, 13] matepu-
aJIOB TI0 M3YyUYCHHUIO 3aBUCHMOCTH ITHUX XapaKTepH-
CTHK OT YCIIOBHH 3JIEKTPOJIN3a, W3JI0KEHHBIX B pa-
oorax [14, 15 u nmp.]. B uccnenoBaHHUsAX HCIOJB30-
BAJIM OCAJKH OJICKTPOJIUTHYECKOTO JKejes3a, IOIy-
yenuoie w3 xjuopucroro  (FeCl,4H,O0 -
400-600 kr/m®) u ceprokucioro (FeSO47H,O —
400-450 Kr/M°) 37EKTPOIUTOB HKENE3HEHHs IPH Pe-
JKUMax AJIEKTPOIIH3a! pH = 0,1-2,4;
.= 5-50 Alnm®; T = 20-90°C. PeHTIeHOCTPYKTYp-
HBIIl aHalmM3 MIPOBOAWJIM Ha YCTaHOBKax THIIA
JIPOH-3M mo meroauke [16]. OcHoBHBIE MexaHH-
YEeCKHEe METOJbl HW3Y4YCHUs] CBOWCTB IOKPBITHI
BKJTIOYATH: M3Mepenne mukpotseproctu H,'% 1o
I'OCT 9450-76 (H,), ynpyrux cBoiicT (nuHaMude-
CKMM pe30HaHCHBIM Metonom) [15, 17], mpouHocTh
MOKPBITUI Ha pacTshkeHHe (METOA pas3pbiBa KOJeI
u3 Mmarepuaia mokpeitus) [15]. TImoTHOCTE *emes-
HBIX OCAJKOB Y ONpPENeIsUI METOJOM THIPOCTATH-
YECKOr0 B3BEIIMBAHUS 00PAa3IOB MO U3YUYCHHIO MO-
IyJisl yOpyrocTd u npenena mnpounoctu [18]. [una-
Tanuio — Kak O = (Y;-y)/yr, TA€ Y — TEOpeTHUECKas
IUIOTHOCTH Oe3nedexTHoro skenesa. s moctpoe-
HUS (QYHKIMOHAJIBHBIX 3aBHCHMOCTEH HCIIOIb30Ba-
JIM perpeccHoHHbIi aHamms3 [19].

PE3VJIbTATHI UCCJIEJOBAHUIA
N NX OBCYXIEHUE

[puctynas k aHanu3y yCIOBHU MPOMCXOKICHHS
n GopmupoBaHus Ne(QEKTOB CTPYKTYPHI JIEKTPOIH-
THYECKUX JKEJIE3HBIX TOKPBITHH C IENbI0 yCTaHOB-
JIeHHsI 3aKOHOMEPHOCTEH M3MEHEHHSI MEXaHMYEeCKUX
CBOICTB, HET CMBICIIA J1aBaTh IOAPOOHOE OMHCAHHE
BCTPEUAIONIMXCA B HHUX Je(EeKTOB, KOTOpHIE II0-
IpoOHO omucanbl B padorax [20-22]. Bee nHapye-
HUS YKJIQJIKA aTOMOB B penieTke (1e(eKThl CTPYKTY-
pbI) — TOYEUHBIC, OJHOMEpPHBIEC, a TAKXKE TpexMmep-
Hble (HAmpUMep, MHUKPOIOPHI), IO OMPEICICHUIO
OTHOCSIIME K MHKPOCTPYKTYpEe U He TpeOyroume
aHaIM3a Ha aTOMHOM YPOBHE, HEM30€)KHO MPUBOISAT
K JUIaTalid ¥ HM3MEHEHWIO IUIOTHOCTH MeTalla.
Takum 00pa3oM, IJsl OLEHKH OOIIeH AeeKTHBHO-
CTH MaTepuajoB IPU PACCMOTPEHHH TAHHOW MpO-
0J7eMBI OTHMM M3 TJIABHBIX [TApaMETPOB, XapaKTepH-

3YIOINX CYOMHUKPOCTPYKTYPY MOKPBITHH, SBISETCS
JTAIIATALHSL.

TeopeTnueckyto MIOTHOCTh METalla, HUMEIOIIET0
UICATbHYI0 KPUCTAUITMYECKYIO PEIIeTKY, MOXHO
YCTaHOBUTH 10BOJbHO To4uHO [20]. Bee HapyiieHus
YKJIQJKH aTOMOB B pelIeTKe HEU30EKHO MPUBOIAT K
WU3MEHEHUIO TUIOTHOCTH M 00BheMa METaIoB (uia-
tarmn). COOTBETCTBEHHO BKIAJ Ie(eKTa B M3MEHe-
HHUE YIENbHOTO 00beMa WM IJIOTHOCTH MeTallia
MOXKET TOCTYXXUTh OLIEHKOM 3HAYMMOCTH BKJIaJa
BHIa Ne(hEKTOB B M3MCHEHHE €ro CYOMHKPOCTPYK-
Typsl. Hampumep, paBHOBecHasi KOHILIEHTpalMsl Ba-
kaHcuil B Metamiax C, omnpeaensercs Kak OTHOILe-
HUE YHUCIIa BAKAaHCH B pelieTke N K o0IeMy 4ucity
y310B B N. KoHueHTpaiusi BakaHCHUH 3aBUCHUT OT
TEeMIIepaTypsl HarpeBa M JOCTHraeT HauOOJbIIEH
BEJIMYMHBI TIPU Touke Tuasnenus [20]:

C,=A4-exp| - % , (1)
o ®

hiog

rae A — KOHCTaHTa, 3aBUCSIIAs OT THIA PEIIETKH,
Ol; — DHEPIusi BAKAHCHU, Ol — SHEPTHS IIABJICHUS
BakaHcHd; © — CXOJCTBEHHAs TEMIIEPaTypa.

Takum 006pa3oM, ompeesemMas ¢ MOMOIIBIO BbI-
pakerns (1) MakcuManbHass KOHIIEHTpAIMs BaKaH-
cuii 1A HeKTponHTHIecKoro xenesa C, = 10°-10°
(mpu oty = 0,019-0,04, o, = 0,25 [20]). CootBeT-
CTBEHHO HawOoblas auiaraius (M3MeHeHHue 00b-
eMa M IUIOTHOCTH) 3a CcYeT BakaHcuit dg = AV/V =
= Ayly = n/N = 107, U36bITOK «3aMOPOIKEHHBIX» B
npolecce MEeKTPOKPUCTAIUIN3AINY JKelle3a BaKaH-
CHii, CTeKasi B METJIM, CIYXHUT MCTOYHHKOM IHCIIO-
Karuit [20-22].

[T1OTHOCTH AUCIOKANUN B 3JICKTPOIUTHUICCKOM
JKeJie3e MOKET ObITh YPE3BBIYAMHO BBICOKOW M JIO-
crurats 10%%-10" cm™ [1-3 u ap.]. Bmecre ¢ Tem
CYLIECTBYET BEPXHMU TpeAes BO3MOXKHOW IJIOTHO-
CTH JUCIIOKAIMH, OTPAHUYCHHBIN JOMYCTHUMBIM pac-
cTosiareM Mexay mumu: L = 2r, tme r = (2-3) b -
paauyc sipa TUCIOoKaluy; b — kpaTyaiiiiee paccro-
sHue B pemierke. Korma ocranyTes OfHU sapa, pe-
IIETKH He OyJIET — B BELIECTBE BBIACIUTH OTACIbHBIE
mucnokamuu  HeosMmokao [20].  CremomarensHo,
JUCTIOKAIIUY CYIIECTBYIOT JIUIIb MPU UX TUIOTHOCTH
p < 108-10" cm? JTunmatauus Oy, o0ycnoBneHHas
JMUCTOKAIUSIMA, B COOTBETCTBHH C OIICHKAMHU
81 = 1,5pb? [21] 11st dMEKTPOTHTHUYECKOTO Kere3a
OpU TPEIeTbHON TUIOTHOCTH TUCIOKAIMA MOPSIKa
prp = (6 b)?= 4,52-10" cm? cocrasur 5,56-107. He-
CMOTpSI Ha MPUOIMKEHHOCTh PACYETOB, 3Ta BEIHUYH-
Ha JOCTATOYHO XOPOIIO COBIMATAE€T C OTHOCHUTEIb-
HBIM M3MEHEHHEM o0bema ejie3a U OOJIBIINHCTBA
JIPYTHX «YHUCTBIX» METAUIOB NMPU HW3MEHEHHH Tep-
MOJIMHAMHUYECKOH TeMIepaTypbl OT HYJIS 10 TOYKH
nnasnenns AV/V ~ 6-107 [20]. CpasHenne 8 u Sy
MO03BOJISIET BBIJCIHUTh IUIOTHOCTh JHCIOKALUA B



YHCII0 OCHOBHBIX IapaMeTPOB CyOMUKPOCTPYKTYpPHI
’KeJie3a, OTBETCTBCHHBIX 3a MUJIATAIMi0 (M3MCHEHHE
IUIOTHOCTU M 00bEMa).

PeHTreHOCTPYKTYpHBIE HCCIIEIOBaHUS 3JIEKTPO-
JMTHYECKOTO JKelie3a MOKa3ajiu, YTO JIMHEHHbIE Je-
(eKThI cOCpPeOTOUCHBI BHYTPH TPAaHHMII, Pa3aeisio-
IIUX OTJAeNbHBIE PparMeHThl, 00beM KOTOPBIX MPea-
CTaBIsIeT COOOM Y4acTKH MeTajia ¢ JIOBOJIBHO CO-
BepIlIeHHOU CTpykTypoit [1-3]. VikectoueHue pe-
’KUMOB 3JIEKTPON3a (yBEIUUCHHUE MePEHANPSIKESHUS
OpPH BBIICIICHUH METalIa) NPUBOJUT K yMEHBIIe-
HHIO (ParMEHTOB U YBEIMUYCHHUIO yTJia Pa3OpHEHTH-
poBKH Mexay HUMHU. ClieyeT 3aMeTHTh, YTO pa3Me-
pbI 007acTeil KOrepPEHTHOTO PacCesHUsI PEHTICHOB-
ckux Jydedl (O6moku mo3auku — D), mpuHHMaeMbie
BO MHOTHX Pa0oTax 3a OCHOBHYIO XapaKTEPHUCTHKY
TOHKOH CTPYKTYPBI JIEKTPOTUTHICCKHX MOKPBITHIA,
OPSIMO CBSI3aHBI C IUIOTHOCTBIO JUCIIOKALMH, cocpe-
JIOTOYCHHBIX B CY03€pEeHHBIX TI'DAHHUIIAX 3aBHCHMO-
ctero Cmonmena [23]:

p=3D7% (2)

Jnst  BeIBOJA 3aBUCHUMOCTEH, CBSI3BIBAIOIINX
IUTOTHOCTh JTUCIIOKAIMI U pa3Mep OJIOKOB MO3aHKH C
JIMJTATAIUeH SIICKTPOIUTHIECKOTO Kee3a, BOCIIOb-
3yeMCsl UMEIOIINMCS B JIUTEPAType COOTHOLICHHEM
JUISL OTIpe/IeNieHHs] TUIOTHOCTH JTUCIIOKAIMi, cocpe-
JMOTOYEHHBIX B rpaHumax cyosepen [21, 22]. Ilpu-
HuMast 0 = ¢ = 8/3, monmyvaem:

p=2/3K3 (Db)?, (3)

rae K — xoaddumuent, 3aBucsamuii oT GOpMEI 3e-
peH.

3ameHuB B ypaBHeHHHU (3) p BeqHMUYMHOU OJOKOB
no ¢opmyie (2), Moay4UM COOTHOIICHHE, HEIO-
CPE/ICTBEHHO CBS3BIBAIOINECE JUIATAIIUIO U pPa3Mep
OJIOKOB MO3aWKHU:

D=K, b & (4)

rIe K;l = 2/9 K, a s CBSI3U IUIOTHOCTU JUCIIOKA-
i ¢ guiatanuend u3 ypaBuenuit (3) u (4) MOXHO
3aIMCaTh BBIPAKCHUE

p=3K b8 (5)

Jinst mpenBapuTeNbHON OIIGHKM 3HAYeHHs KOd(-
¢unmenta K, BocmonszyeMcs: ypaBHEHHEeM XHpIIa,
IMPOKO TPUMEHSIEMBIM [UISl 3KCIEPUMEHTAIBHOIO

aHaIIM3a JUCIOKAIMOHHON CTPYKTYPBI DJIEKTPOJIH-
THYECKOTO xene3a [23]:

p=B(@BDb)Y, (6)
rae B — yrox pasopHUEHTHPOBKH, OIPEACIIICMBIH
OKCIICPUMCHTAJIBHO.

IMpuHrMas BO BHHMaHHE, YTO OTHOCHTEIILHOE
yaauHeHue oopasna € = 3 [20], npoussens cooTBeT-
CTByOIIHE 3aMeHbI B (6), moaydnm:

p=35(9Db)™. (7)

Comocrasnenne (3) u (7) HMO3BONSET TIpeaBapH-
TeNbHO yCcTaHOBHTH 3HaueHue K = 1/6 u kpaeBbie
YCIIOBHSL:

npu 8 —0, D—o0, p—> 0; 8)
pu 8 —00, D—0, p— ©. 9)

[TepBoe ycnosue (8) xpucramiorpadpuuecku co-
OTBETCTBYET HCATbHOMY MaTepuany 0e3 aehexToB
(c umeanpHO# KPHUCTAIMYECKOW peleTkoii). Bro-
poe ycrnosue (9) He MOKET OBITH BBIIOJIHEHO, TO-
CKOJIbKY MapaMeTpbl CYOCTPYKTYpbl M JWJIATAIUS
MeTajjla OTpaHHuYeHBl NpeAeiIbHBIMA 3HAYCHUSMH
Dminy Pmax ¥ Omax, OTBEYAOIIUMH MaKCHMAaIbHOU
nedopmaii, MpH KOTOPOW METalul TepsieT CBOIO
KPHUCTAJUTMYECKYI0 CTPYKTYpy (B IepBOM MpuOIH-
JKeHUHu — 9T0 amopdubiid (kumkui) metasm). Ilo-
9TOMY HIKHee, KpaeBoe ycioue (9) ypaBHeHHiA
(2)—-(5) cnemyer yTOYHWUTBH, MPUHSB 33 HPEICIBHOE
COCTOSIHUE METaJlJla TOUKY ero miasieHus. [Tombita-
eMCs 3TO BBINOJIHHUTH JUIS JKelle3a, NMPUHSIB MUHH-
MaJIbHBIH pa3mep OJI0Ka paBHBIM MOCTOSHHOW KpH-
CTAJUTHYECKOM pereTku. Eciu, mo JaHHBIM JHTepa-
Typsl [20, 21], npuHATE U3MEHEHHE 00BEMA OCajKa
AV = 3aTl,, TeMmmepartypy IUIaBJICHUS IKenesa
T = 180645 K, ko3 duiueHT TEmIoBOoro pacuru-
peHust o = (1,02—1,43)-10'5 K, miotHOCTS KHIKOTO
Metajmma Y, = 7,0-7,13 rlem®, torma Dpin = b =
=2,48-108 cM; K3 = Smax = (uYa)lyu = 0,064-0,113,
Pmax = (1,08-2,16)-10" cm?. Crexmyer 3aMeTHTb, 9TO
3Ha4YEHHs INIOTHOCTH IUCIOKAIUH Pmax C Prp KETIE32
OJIMHAKOBBI MO TOPSJIKY. 3aBUCUMOCTH TUIOTHOCTH
mucnokanmii (px10™ cm?) u pasmepos Gmokos (D B
A) ot nunataiuu npuMyT B (puc. 1):

D = (15,3-37,2) 5™, (10)

p=(2,1-12,7) &2 (11)
P
pmax

Puc. 1. 3aBucumocts pa3mepoB 610k0B Mo3auku (1) u IoTHO-
CTH aucioKanuii (2) 3MeKTPOIMTHYECKOro JKele3a OT [iiara-
1.
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Puc. 2. CtpykTypa 2JIEKTPOIUTHIECKOTO JKeNe3a P KMSITKOMY () U «KecTKOM» (0) pexnMax dJIeKTPOIIH3a.
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Puc. 3. B3auMocBs3p MexIy pa3MepoM OJOKOB MO3AWKH W JUJIATAIACH (a), IUIOTHOCTBIO JUCIIOKALIMN W JHJIaTaluenl (6), MHUKpPO-
TBEPAOCTHIO ¥ Anararmeii (B), MoayieM ynpyroctu u auiataiueii (r). O6macts ocaakos: | — mononuTHbIX; || — TpemuHoBaTHIX.
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Puc. 4. 3aBucHMOCTh IPOYHOCTH Ha PACTSDKCHUE OT JUIaTaluy (a) U pa3MepoB GII0KOB MO3aHKH (0) 3IEKTPOIUTHIECKOTO Kee3a.

3aBrucumocTh (11) MOXKHO YTOYHWMTH B 0OJIACTH
MaKCHMaJIbHBIX Pa3MepOB OJOKOB U MHHHUMAaJIbHOU
IUTOTHOCTH JTUCJIOKALMM, HMCIOJb3Yysl OrpaHUYCHHS
PEHTTEHOCTPYKTYPHOTO METO/IA.

DKCIepUMEHTATBHEIE UCCIIEIOBAHUS 110 OIpe/e-
JIEHHIO BIIUSIHUS YCJIOBHMI DJIEKTPOJIM3a HA MapaMeT-
pbl  CYOMHKPOCTPYKTYPbI OCAJKOB IIOKa3aiH, 4YTO
YIKECTOUEHHE PEXHMMOB DJIEKTPOJIM3a NPUBOIAUT K
YBEJIMYEHHIO TUIOTHOCTH JUCIOKAIMHA M H3MeJIbue-
HHUIO OJIOKOB MO3aMKH 10 MpEAC/bHBIX 3HAYCHUIN
(mpu mumatanmu & = 0,06-0,07) ¢ mocneayromum
o0pazoBaHHEeM B HHX YCTOWUYMBEIX CYOMHKPOTpE-
wuH (puc. 2).

Takum oOpa3oM, HAOIOATIOCH YIIPOYHEHUE Ma-
Tepuana, 00ycIOBIEHHOE MPOLECCOM IIACTUYECKOM
JeopMany ocaika B MpoLecce 3IEKTPOoIn3a, aHa-
JIOTUYHOE CYOMHKPOCTPYKTYPHOMY YNPOYHEHHIO
NpY TUIACTHYECKOH NedopManuu. XOTs MPU «KeCT-
KHX» peXHMaXx JJIEKTPOJU3a OCalKd ObUIM MPOHU-
3aHBl TYCTOM CETKOM CyOMMKpOTpELIMH, UX HpOouY-
HOCTh Ha CIBUT W MHUKPOTBEPIOCTh MOBBIMIAIUCH
[1-3 u op.].

AHanmu3 5KCHepUMEHTAIBHBIX JAaHHBIX MTO3BOJIHI
ycraHoBuTh 3aBucuMocth D = f(3) mpu 0,02<6<0,18
(puc. 3a):

D=17,458" (12)



3aBucumocts p = f(3) MOKHO pa3zenuTh Ha JBa

yuactka (puc. 30). Ha yuactke | (mpwm
0,02<6<0,055-0,065) dbyHkiMs uMena BUA
p = 18,68 (13)

Ha yuyactxke Il (mpu 0,065-0,07<6<0,18) 3aBucu-
Mocth p = f(3) mpereprmeBana W3JIOM W U3MEHsIIA
xapakrep. Ilpu 00paboTKe 3KCIEPHUMEHTAIbHBIX
JIaHHBIX ObLIa YCTAHOBJICHA JIMHEHHAs 3aBUCHMOCTh
p = f(3):

p =1,16+3,525. (14)

VpaBuenns (12)—(14) mo3BoisAOT CBA3aTh MPOY-
HOCTHBIC MapaMeTpbl MaTEepUAIOB C JWJIATAIHeH
MOCJICIHUX TIPH U3MEHCHUH UX CYOMHKPOCTPYKTY-
pBI B pa3MyYHBIX YCIOBHAX AIIEKTposn3a. Bmecre ¢
TEM, paccMaTpuBas MEXaHH3Mbl IUIACTHYECKOH Jie-
(dopMalMu peanbHBIX METAIIOB, CIEAYET YYUTHI-
BaTh, YTO MapaMeTpbl CyOMHUKPOCTPYKTYpPBI MOTYT
XapaKTepU30BaTh CBOWCTBA JI0 MPEACIbHOTO YIPOU-
HeHus, coorBercTByromero 6 = 0,06-0,07, mocme
KOTOPOTO B CTPYKTYpE MaTepHaia TMOSBISETCS HO-
BBl  BHI  Je(eKToB CYOMHUKPOTpPEIINHBI
(cMm. puc. 2). DKcrnepuMeHTaJbHAs 3aBUCHMOCTh
H, = f(8™%) Takxe uMena MHHEHHEINA XapakTep ¢ 3-
aomom B obnactu O = 0,06-0,07 (D = 250-350 A).
VYyacTok KpHBOW 0 meperuba XapakTepU3yeTcs
MPOIIECCOM TUIACTHYECKOM nedopmaliu npu 3Jek-
TpOJIH3e, M3MENbYCHHEM OJOKOB MO3aHUKH, POCTOM
IUTOTHOCTH JIMCJIOKAIIMi, 32 CYET Yero MPOUCXOIHUT
YIPOYHEHUE OCAIKOB JI0 MPEACIBHOTO COCTOSIHUS. B
o05acTH TPEIIMHOBATBIX OCAIKOB (32 meperubom
KPHBOIi) BIHMSHUE TPEIIUH MPUBOIAMT K TEperudy
dysxmm H,, = f(6"%). Tockonbky Tpemmns! mpe-
MSTCTBYIOT JIBMKCHHIO JIMCIOKAIMHA, TEM CaMbIM
OHH YTPOYHSIOT MaTepHa, OJHAKO 3aKOHOMEPHOCTh
UX JCUCTBUS OTJIMYACTCS OT CyOCTPYKTYPHOTO
YIPOYHEHUSI MOHOJIUTHBIX OCAJIKOB.

Jlo nosiBeHus B CTPYKTYpE Kejie3a YCTOMUHUBBIX
MHKPOTPEIMH  3aBHCUMOCTh  MHKPOTBEPJOCTH
(H,, T'Tla) s5eKTpONUTHYIECKOTO Kene3a OT JHiaTa-
1uu umena Buj (puc. 3B):

H, = 0,15+20,48 §'7,

ecn 0,02<5<0,055-0,065, (15)
a B o0JyacTu TPCHIMHOBATBIX OCaJIKOB.
H, = 5,22+0,16 5,
econ 0,065-0,07<8<0,18. (16)

Jns 6e3nedeKTHRIX MaTepuaoB MOAYJb YIIPY-
roctu OyneT OAMHAKOB KakK I MHUKPOCKOTHYECKH
Majoro o0beMa, Tak U Jyisi 00pasioB JOOBIX pa3Me-
poB. PeanbHble MaTepuabl 00Ja1al0T Pa3ITHYHBIMA
nedeKTamMu, TMPHUCYTCTBHE KOTOPBIX OyIeT CKasbl-
BaTbCs Ha BEJIMUMHE MOJLYJI ynpyroctu. [leicTsu-
TEJIBHO, COIIOCTABJICHUE HAMICHHBIX BEJIMYUH MOJTY-
T YOPYTOCTH M JUJIATAIlMH OCAIKOB W aHAJH3 II0-
Jy9eHHBIX 3aKOHOMEPHOCTEH TMO3BOJMWIM YCTaHO-
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BUThH JIMHCHHOCTH 3aBUCHMOCTH MOJIYJISl YIIPYTOCTH
OT IUJIaTalliH, XapaKTepH3yIoIeH CTPyKTypy Mare-
pHana He TOJBKO B 00JIACTH MOPUCTHIX OCAIKOB, HO
U 710 uX pactpeckuBanus. [Ipudem o6macth meperu-
0a Mo AWIaTalUM IO0CTATOYHO TOYHO COBMajaia C
COOTBETCTBYIOILCH 00TaCThIO HAa KPUBBIX 3aBUCHMO-
CTH TIAPaMETPOB CYOMHKPOCTPYKTYPHI OT JHjIaTa-
1. MOXKHO TIPEIOIOKUTh, YTO CyOMHKPOTPEIIIH-
Hbl B TIOKPBITUSIX MOSIBJISIIOTCS TOCIE MPEACIbHO
BO3MOKHOM aehopMaIiii, KOTOPYIO MOKHO KOM-
MIEHCHPOBATh IPOOJICHHEM KPHUCTAJLIOB HA OJIOKA M
yBEIMYCHHEM IIOTHOCTH AUCIIOKAIH.

MaremaTndeckas 00paboTKa SKCIEPHUMEHTAIIb-
HBIX JIaHHBIX MO3BOJIMJIA MOJYYHUTh ypaBHEHHE JIH-
HeltHol perpeccun ¢ynknuu E = f(8) mo meperuba B
crnenyrormeM Buze (puc. 3r):

E =2,17-10,135. (17)

B obnactu TPCHIMHOBATLIX OCAJIKOB 3aBUCUMOCTD
OIMIUCBIBACTCS YPABHCHUCM

E = 1,70-3,295. (18)

Takum o6pasom, 3aBucumoct (17) u (18) mos-
BOJISIFOT OTPEACIUTh MOJYJb YIPYTOCTH JKEIE3HBIX
MOKPBITHH MO AUIATAIH OCATKOB.

Hwuskas mpoYHOCTh OCAJKOB BIIEKTPOIUTHICCKO-
ro kele3a 0OBACHAECTCS OCOOEHHOCTSIMH (DOpMHUPO-
BaHUS TIOKPBITHUS HA KATOJIE, UCXOJHON CTPYKTYpOU
U JeeKTaMu KPHCTAIMYECKOro cTpoeHus. Jlei-
CTBUTCJIbHO, €CJIM IOCTPOUTH 3aBUCUMOCTL IIPOYHO-
CTH TIPU PACTSDKEHUU DJICKTPOJIUTUYECKOTO Kele3a
Oy OT JWjaTallid W Pa3MEpOB OJIOKOB MO3aWKH,
MOKHO YCTaHOBHTB, YTO 3TU BEIMYMHBI BEChMa TEC-
HO B3aUMOCBSI3aHEI IpyT ¢ apyrom (puc. 4a u 6).

[IprdeM 3aBHCHMOCTH G, = f(8) 1 o, = f{(D™?) 06-
Hapy>KHBalOT TPH XapakTepHble obmactu. OO0JacTh
| — BO3pacTaHus G, CBSI3aHHYIO C YBEIUUCHHEM JTU-
JlaTaluu, OOYCJIOBJICHHYIO H3MEJIbUCHHEM OJIOKOB
MO3aMK{d U YBEIMYCHHUEM IUIOTHOCTH JHUCIOKAIUN
BIUIOTh JI0 TMEpexoja CTPYKTYPhl B IIPEACIbHO»
neOopMHUPOBAHHOE COCTOSHHE, JO TOSBICHHUS CyO-
MUKpOTpemuH. B nanHoli obnactu (opMmupyrorcs
IUIOTHBIE ~ MOHOJIMTHBIE  OCaIKH, O0O0Jagaronue
HanOOJBINIEH TMPOYHOCTHI0O W HM3HOCOCTOMKOCTHIO.
Jns moydeHHs TakUX OCaJKOB PEKOMEHIYIOTCS
MSATKHE PEXHUMBI dektponmsa: /[, = 5-10 Alnv?;
T = 333-363 K; pH = 0,1-0,5. O6nacts |l — nmunei-
HOT'O MAaJICHUS Gy, CBSI3AHHYIO C YBEIUUCHUEM JHIIa-
Tanud, o0yCIIOBJICHHYIO O0pa30oBaHUEM W yBEIHYC-
HHEM IIJIOTHOCTH HOBBIX JIe(eKToB (CyOMHKpOTpe-
IIMH), Pa3BUBAIOIINXCS B OCAJKE MPHU YIKECTOUCHUH
ycoBuit anekTponmsa. O6macte |l — obmacTs mpak-
TUYCCKU BCPTUKAJIBHOI'O TMaJC€HUA IPOYHOCTH OO0
paspyliieHus ocaakoB (MpU yBETHUEHUH Pa3MEpPOB
CyOMUKpOTPEIIHH, MPOHU3BIBAIOIINX OCAJ0K MOJ-
Hocteio). Ilpu moctmkenun mumararun 0,07-0,08
TIOKPBITUE TICPECTACT COIIPOTHUBIATHECA pacCTAruBa-
IONMM Harpyskam. [Ipu 3ToM 00J7acTh COOTBETCTBY-
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€T TepeXoay CTPYKTYPhl METalula B IpPEIeIbHO»
neGOpMUPOBAHHOE COCTOSIHHE C IOSIBICHHEM CYO-
MUKPOTPEIIMH W TAJACHUI0O €ro IPOYHOCTHBIX
CBOHMCTB. B manHHO# oOiact GhopMHUPYIOTCS paspy-
IIICHHBIC OCaJKU. BMecTe ¢ TeM Takue OCaiKu MOX-
HO WCIOJBb30BaTh I TOJYYCHHS TOKPBITHH CO
CTHEeIUATLHBIMI CBOWCTBAMH, HANPUMEP C TOBBI-
NIEHHOW MAaClIOEMKOCTBIO 33 CUET CO3J[aHUSl CETKH
TPEIIUH.
BbIBO/IbI

BbisiBiIeHHAsT 3aBUCHMOCTD MPOYHOCTH KYHCTBIX»
AIEKTPOIUTHICCKUX MOKPBITHI OT JHUIaTaIliH TTOKa-
3aya, 9TO O00JAaCTh WX YIPOYHEHHs 3a CYET CyO-
CTPYKTYPHBIX H3MEHEHHU OrpaHuYEHa.

AHanu3 CBSI3M QUJaTallid MeTaia ¢ (parMeH-
Tareld  ero  ONOYHON  CTPYKTyphl,  (pu3uKo-
MEXaHUYECKMMH CBOMCTBAMH M pa3pyIlIEHHEM TTOKa-
3a]l, 4TO JMJIATAIMs, SBJISAACH MPOCTBIM M JOCTYII-
HBIM METOJIOM HCCIICJIOBAHUS DIICKTPOOCAKICHHBIX
METaJIOB, MO3BOJSIET JOCTATOYHO KOPPEKTHO Cy-
JIUTh 00 WX CTPYKType M KauecTBe. 3aBHCHMOCTH
(12)—(18) MoryT OBbITH UCIIONB30BAHBI IS SKCIIPECC-
OLIEHKH CBOMCTB DJIEKTPOOCAKIEHHBIX METAJLIOB.
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Summary

Dilation is used to establish the dependence of dura-
bility of metal coatings on parameters of microstructure of
metals at electrodeposition and thermal treatment. The
influence of high temperature on resistance and composi-
tion of coatings is analyzed. It is shown that dilatation can
be used as a control parameter of strength properties of
iron.

Keywords: composite electrochemical coatings, elec-
trolythical alloys, structure, mechanical properties, wear-
resistance, dispersed phase.



101

B3auMHoe BJMsIHME IAPAMETPOB IJIA3Mbl BO3yXa U Mpolecca
OKHMCJIHUTEIbHON IeCTPYKIUHU IJIEHKH MOJHIPONUJIeHA

C. A. CmupHoB, B. B. Pri0kun

Hesanosckuil 20Cy0apcmeentplil XUMUKO-MexXHOI0SUYeCKUI YHUGEDCUMen
(Mncmumym mepmoounamuxy u KUHEMUKYU XUMUYECKUX NPOYEccos),
np. @. Duzenvca, 1, 2. Usanoso, Poccus, e-mail: sas@isuct.ru

[IpuBonsTCst pe3yapTaThl ncciaenoBaHuid 3 dexTa 3arpy3ku NpH BO3AEHCTBUM HU3KOTEMIIEpaTypHOH
IUIa3Mbl BO3/yXa Ha MOBEpXHOCTH MieHKkH nonunponuieHa (I1IT). CocraB cTabHIBHBIX MPOIYKTOB B
ra3oBoii Qaze BBLCHSUIM METOZOM MaccC-CIIEKTpOMETpHU. MeToJ0M KOMIIEHCAIlK 30HA0BOTO TOKA B
LEMH ABYX AJIEKTPOCTATHYECKUX 30HIOB ONPENEISUTH MPOIOIbHYIO HAMPSHKEHHOCTD YJIEKTPHYESCKOTO
mons. VI3Mepsimiuch WHTEHCUBHOCTH m3nydeHus psaa noioc Ny, NO, CO, nmuHmiA aToMapHOTO KHCIIO-
poxa u Bomopoxa. Ha ocHOBE SMHCCHOHHO-CIIEKTPAIBHBIX M3MEPEHUI HAXOIMIN BPAIIATEIbHYIO U
sddexTrBHy0 KOMeOaTenpHyo Temmeparypy Monekya1 Np(CI1,), sbdexrnBry0 KomeGaTeNbHYIO
temnepatypy NO(A’Y). MeTo[oM YHC/IEHHOTO PElIeHH s KHHETHYECKOTO ypaBHeH:s Bombimana pac-
CUUTHIBAJIACh (DYHKLHS paclpeleicHHs SJICKTPOHOB 1O dHeprusM. ONBITHl MOKa3ajiH MOBBILICHUE
HaNpsHKEHHOCTH JIEKTPHUYECKOTo MOJIS B IPUCYTCTBUM 00pa3ua mnoiumepa Ha 10% u He3HaunTeNnbHOEe
M3MEHEHHE TEMIIEPATYPHI T'a3a Ha OCU peakTopa. Yxke Mainas 3arpyska peakropa mienkoi I1IT Bener k
3aMETHOMY YMEHBIICHHIO MHTCHCUBHOCTH H3JIyYeHHUs JIMHHMI aTOMapHOro KHciopoaa u mojoc Ny,
NO. C pocroM cTerneHn 3arpy3Ku peakropa MoJMMepOM H3MEHSETCS COOTHOIICHUE MEXK]y OCHOBHBI-
MH MIPOAYKTaMu OKHciauTenbHoi nectpykuuu [T — CO,, CO, H,0, H,. Pacuets dynkuuu pacnpese-
JICHUS! JIEKTPOHOB I10 SHEPTUsIM MO3BOJIMIIM NIPOAHAIM3UPOBATH BIUSHHE MPOAYKTOB TE€TEPOreHHBIX
peakuuii Ha KOHCTaHTBI CKOPOCTEH ITPOIIECCOB C y4acTHEM 3JEKTPOHOB. ['a3000pasHbIe MPOIYKTHI
TpaBJICHHs TOJMMEPa OKa3bIBAIOT CYNIECTBEHHOE BJIMSHHME Ha 3JIEKTPOPHU3NYECKUE ITapaMeTphl pas-
psna, KHHETHYSCKUE 3aKOHOMEPHOCTH IIIa3MOXHMHYECKOT0 TpaBieHUs. M 3T0 HE0OOXOIUMO YYHUTHI-
BaTh NPH JaJbHEHIINX MCCICAOBAHHUAK M pa3pabOTKe HOBBIX TEXHOJOTHH ITa3MOXUMHYECKOH 00pa-
OOTKH TTOTMMEPOB.

Kniouegvie cnosa: sgpghexm 3acpysxu, niasma 6030yxa, nia3moxXumMu4ecKoe mpaesietue, 2a3000pasuvie
npoOyKmbl, NPUEEOCHHAS HANPSHCEHHOCMb DNEKMPULECKO20 NOJIs, KolebamenibHas U 8pawamenbhas

memnepamypa MoaeKyIspHO20 a30Mmd, KUHEMUKd.
YK 621.382:537.525

BBEJAEHUE

[lpr mIa3MOXMMHYECKOM TPaBICHUH IOIUMEP-
HBIX MaTepHajioB BO3HHMKAeT 3()(EKT 3arpy3ku —
YMEHBUICHHE YAEIbHOM CKOPOCTU TpPaBJIECHUS Mate-
pHana ¢ yBeJIM4eHHEM ero KolumdecTBa. D QexT 3a-
IPY3KH CBsI3aH C BBIACICHHUEM ra3o00pa3HbIX Mpo-
IOYKTOB I'€T€POTre€HHbIX Peakui U W3MEHEHUeM Ipa-
HUYHBIX YCIIOBHIl /Ui akTuWBHBIX yactull [1, 2]. B
pesyabTaTe MEHSIOTCA (U3MYECKHE IapaMeTphl
IUIa3MBbl, CKOPOCTH I'€HEepalMy 4acTHUll W, KaK clel-
CTBHUE, CKOPOCTH IeeBoro mporecca. Oco0eHHOCTH
mposiBiIeHHs! 3Toro 3ddexTa onpenensoTcs MHOTH-
MU (QaKTopamH, B TOM YHCJIE COCTaBOM IIIa3M000pa-
3YIOIIEro Ta3a, XUMUYECKHM COCTaBOM M CTPYKTY-
poti monumMepa. IddekTy 3arpy3ku NMpU TPaBICHUH
MOJIMMEPOB B KHUCIIOPOJE, BO3AyXe M a30Te ObLIO
MTOCBAIIIEHO HECKOJIBKO MCCiIenoBanmii [3—6].

Lens Hacrosimeit paboThl — M3y4YEHHE BIUSHUS
s¢dexTa 3arpy3kd Ha KUHETUKY TpaBJICHHS IOJH-
npornunenoBoi twuieHku (I1I1) u mapamerpsl Tiero-
LIero pa3psizia HOCTOSTHHOTO TOKa B BO3/AyXe.

METOJJMKA SKCIIEPUMEHTA

Pazpsim  mocTrosHHOTO TOKa BO3OYXKTamd B
MATHHAPUICCKOM TMPOTOYHOM PEaKTOpe M3 CTEKJIa

muametpoM 3 cM mpu nasneHnn P = 50-300 Ila u
toke |, = 20-110 MA. CkopocTh MOTOKa rasa
MmeHsuin B uHTepBaie 10-50 cm/c mpu HOpMalIbHBIX
ycnoBusix. OOpa3ubl MPOMBIIUIEHHBIX IUIEHOK H30-
taktudeckoro IIIT (ITOCT 26996-86) TommuHOM
70 MKM pa3MeIlany B BHJE HECKOJIBKHX IMINHIPOB
Ha TEPMOCTaTUPYEMOH CTCHKE peakropa
(T = 33345 K), B 001aCTH MOJOKUTEIBHOTO CTOJIOA.
Temneparypy TOBEpPXHOCTH IUICHKH HM3MEpSUIN
OCTEKJIOBAaHHOW TepMONapol  MeIb—KOHCTAHTaH.
Hnunay oOmedt o0pasyromieil HECKOJIIBKUX MOJIMMep-
HBIX LWIMHAPOB M3MEHsuM B mpenenax ot 1,5 mo
13,5 cm. Ilpm sTOM mosoXKeHHe KpaitHero oOpasia
OCTaBaJIOCh HEM3MEHHBIM, a 10N BHYTPEHHEH
MOBEPXHOCTH PEAaKTOpa, 3aKpbITas ITOJUMEPOM,
yBenmuuuBanace ot 4,3 mo 38,6%. Metogamu,
ONMUCaHHBIMU B paborax [7-9], onpenemnsin
CKOpPOCTH YOBUIM Macchl 00pa3loB M PacxoJOBaHUs
KUCIIOpPOJIa B pEAaKHusAX C IOJUMEpPOM, COCTaB M
CKOPOCTH BBIJICNICHHUSI Tra3000pa3HbIX MPOJIYKTOB,
HaNpsDKEHHOCTh 3JIEKTPUUYECKOro mods, 3(dexTus-
HYIO0 KoyieOaTeNbHYI0 M BpalaTeNIbHYI0 TeMIepa-
Typy ra3a, KOHIICHTPAIMI0 aTOMapHOTO KHCIOpPOIa
O(C’P) B peakTope, (yHKIHIO PACTIPEIEICHHUS SICKT-
POHOB 110 PHeprusM. [Ipu penreHnn KHHETHIECKOTO
ypaBHeHHs bBombIMaHa HCIONB30BaNUCh HAOOPHI

© Cwmupnos C.A., Peibkus B.B., Dnekrponnas o6paborka marepuanos, 2014, 50(1), 101-105.
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CEUYCHUI SJIEMEHTAPHBIX MPOIECCOB CTOIKHOBCHHUS
35eKTpoHOB ¢ Monekynamu Ny, O, u3 pabotsr [10], a
s CO, CO, H,O, NO- wus pabor [11-14]
COOTBETCTBEHHO.

OBCYXXJIEHUE PE3VJIbTATOB

DKCMEpUMEHTBI TIOKa3alH, YTO CTAllMOHAPHBIC
ckopoctr yobuta Maccel [T u BeImeneHUS TPOIyK-
TOB B Ta30BYI0 (pa3zy ycraHaBiuBaioTcs B TeueHue 10
MHUHYT OOpabOTKH M OCTAIOTCS HEM3MEHHBIMH JI0
TeX IOp, IOKa He yAajeHo, 1Mo KpaitHehr mepe, 30%
Macchl MJICHKH. 3aTeM TPOLECC TPABIICHUS 3aMeIJIs-
ercsa. Bce nmanpHeifine maHHbIE NPHUBEICHBI IS
CTallMOHApHOTO y4YacTka TpasiieHus. CKOpOCTh
TpaBJICHUS] YBEIMYMBAETCS C POCTOM TOKa paspsja,
JUHEWHOW CKOPOCTHU MOTOKA ra3a U Majio 3aBUCUT OT
JIABJICHHS ra3a MPU HEU3MCHHBIX MPOYUX BHEIIHUX
napamerpax. Ha puc. 1 npuBesieHbI CpeiHUE yIelb-
HBIE cKOpocTH yObuIM Macchl mieHku W, oOpabo-
TAHHOW B BO3AYINHOM pa3psje B 3aBUCHMOCTH OT
CTETICHH 3arpy3Kd peaktopa. [IIeHka, pacioyoxeH-
Hasi Ha BXOZe I1a3M000pa3yIoliero raza B peakTop,
“MeeT OOJIBIIYI0 CKOPOCTh TPaBIICHUs, a 00pas3ilsbl,
PacMoNIOKEHHBIC HIDKE TI0 TCUCHHIO IMOTOKA rasa,
Tpapstcs Memiennee Ha 20%. Hanuio unu BiusiHue
pacxoJ0BaHUsI aKTUBHBIX YACTHI] pa3psi/ia, BHI3bIBA-
IOIIMX TUTa3MOOKHUCIUTENBHYIO JECTPYKIIUIO TOJHU-
Mepa Ha «BepXHHe» 00pasiibl, WM U3MEHEHUE CKO-
pOCTel TeHepaluu XUMHYECKH aAKTHBHBIX YaCTHII
BCJIEJICTBUC BIIMSHUS MPOJYKTOB OKHCICHUS TMOJH-
Mepa Ha 3JeKTpo(U3NYecKre apaMmeTphbl paspsja.
st Gojee MONHOTO MOHUMAaHHSI MEXaHH3MOB IPO-
LECCOB, MPOTEKAIOMINX B TICIOMIEM pa3psie, HeoO-
XOJMMO TIPUMEHSATh METOMbI YHUCICHHOTO MOJEINH-
poBanusl. /Iy pacyera B MepByro ouepesb TpeOyroT-
CSl UCXOJTHBIC JAaHHBIC MO 3HAYCHHSM MPHUBEICHHON
HATPSHKEHHOCTH TOJIT U O COCTaBe KOMIIOHEHTOB
ra3oBOil cMecH.

OCHOBHBIMM aKTHBHBIMM YaCTHI[AMH ITUIA3MBI
BO3/lyXa, BBI3LIBAOINUMU OKUCJICHUE MOBEPXHOCTH
MOJIMMEPOB U Pa3pyIlIeHUE KUCIOPOJCOACPIKAIINK
TPy, TPUBOASIINX K 00pa30BaHMIO ra3000pa3HbIX
mpoayktoB CO,, H,0, H, u CO (puc. 2), siBastoTCs:
atomp! kuciaopona O(P), MeTacTaGHIIbHbIE MOIEKY-
mer Oy(@'Ag), KomeGaTensHO-BO30YKIEHHBIE MOJIe-
kyssl (KBM) u kBauThl Y ®-usiyuenus [1, 2].

B cmektpe w3nyueHus paspsga HaONIOIATUChH
nonockl 17 1 2° cuctem MoseKkynIspHOro asoTa, Io-
Jockl cucteM AHrctpema u ['epuoepra monekyn CO,
nosiockl y-cucteMbl NO, HEKOTOpbIC JIMHUH U3ITy4e-
HUS aTOMApHOTO KUCIIOPOJia U BOAOPO/IA.

Ha puc. 3 n300pa)keHbl HHTCHCUBHOCTH W3JTyYe-
Hus nonockl CO ¢ anuHOM BonHbL 519,5 HM, KOTO-
pas IMeeT SKCTPEMYM IPH MaJIbIX 3arpy3Kax peak-
topa IIII. PocT WHTEHCHMBHOCTH H3IIy4eHUs O0y-
CJIOBIICH YBEJIIMYCHUEM IUIONIAH TIOJIMMepa U, clie-
JOBaTeNbHO, yBenndeHneM koimdectBa CO B raszo-

BOW (pa3e, a mMajJicHUE CBA3aHO C YMECHBIICHUEM TIPU-
BC/ICHHOW HANPSDKCHHOCTH 3JIEKTPUYECKOTO OIS,
CpelHell SHEepPruM 3JICKTPOHOB M KOHCTAHT CKOPO-
CTEeW MPOIECCOB C y4yacTUEM dJEKTpoHOB. MHTEH-
CHBHOCTH M3JIY4€HHs JHMHUH aTOMapHOTO KHCIOpPO-
na (A = 844,6 uM) ymeHbLIatoTCs B 4 pasa ¢ yBelH-
YEHUEM IJIONIa M 00pabaThiBAEMOro MOJHMMEPHOTO
Mmarepuaia (puc. 3). DT0 MOXKeT OBITH CBA3aHO Kak
pPacxoI0BaHUEM aTOMApPHOTO KHUCIOPO/a B PEaKIusIxX
C TOJUMEPOM, TaK U C BIHMSHHEM TIa3000pa3HbIX
MPOIYKTOB TUIA3MOOKUCIUTEIBHON JECTPYKIUH T10-
JuMepa Ha JJIEKTPO(U3MUYECKUE MapaMeTpsl ILIa3-
MBI, @ CIIe[IOBATENIbLHO, HAa CKOPOCTh 00pa30BaHHUs
JTAHHOTO aKTHBHOTO KOMITIOHEHTa Tuia3Mbl. HTEH-
CHUBHOCTh H3Iy4YeHHs Tonockl y-cuctembl NO
(A = 258,6 HM) ¢ POCTOM 3arpy3Ku peakTopa IMOJIH-
MEpOM CYIIECTBEHHO yMeHblnaeTcs. OCHOBHOW Ka-
Han oOpaszoBanus NO — 3TO peakius aTOMapHOTO
KHCIIOpoJia ¢ MOJIEKYIIsipHBIM a3otoMm [10], a Tak kak
aTOMOB KHCJIOpOJIa C YBEIMUCHUEM CTETICHH 3arpy3-
ku craHoBuTcs MeHbine, To u NO obOpasyercs ro-
pasno MeHblle. OJTO MOATBEPXKAAIOT W Macc-
cnekrpansHeie ganasie [1]. Tlo pacmpenenenuio uH-
TEHCHBHOCTEH B 100cax 2' CHCTEMBI U Y-CHCTEMEI
NO ObuM HaliaeHbl Y3PPEKTUBHBIC KOJIeOaTEeIbHBIC
temmepatypbl  cocrosiamii No(C’I1,) u NO(AZ)
(puc. 4).

DKCIEPUMEHTAIBHO U3MepeHHas (METOAOM KOM-
TIEHCAIMH 30HI0BOTO TOKA B IIEMH JIBYX DIIEKTPOCTA-
THYECKUX 30HIOB) BEJIMYMHA HATPSOKCHHOCTH JJICK-
TPUYECKOT0 MOJIS B IUIa3Me BO3JyXa, pearupyrome
¢ III1, ysemmuuBaercst Ha 5-10% c pocrom cremneHn
3arpy3ku peaktopa. Temmeparypy rasa Mbl OTOX-
JMECTBISUTA C TEMIIePaTypol, YCTAHOBICHHOHW IO
pacrpeeieHHI0O HHTEHCUBHOCTH U3JTyYeHHs Bpallia-
TenbHbIX MuHME B mosoce Na(CI1y) puc. 4 (MeTomu-
Ka ompezeienns nsaoxena B [15]). Ha ocHoBe sTHx
JaHHBIX ObLTa ONpelelieHa MPHUBEACHHAS HAarpsi-
YKEHHOCTB 3JICKTPUYECKOTO TOJIsl B pa3psiie BO3/AyXa,
npejicTaBIeHHas Ha puc. 5.

Kunernueckoe ypaBHeHue boibiMaHa JJ1s DJieK-
TPOHHOT'O Ta3a PelIaNoch MPU 33JaHHOM COOTHOIIIE-
HuM MOJbBHEIX noieil N,, O, NO, CO,, CO, H,0,
H,. Tlo wHaiimenHoi wu3 »toro pemenus DPOD
(byHKIMH pacTipefiesieH sl JICKTPOHOB 10 YHEPTH-
SIM) BBIYHCISUTUCh KUHETHYECKHE XapPaKTCPUCTHKH
3JIEKTPOHHOTO Tra3a, KOHCTAHTBI CKOPOCTEH Mporiec-
COB C y4acTHeM dJIeKTPOHOB. [Ipu pacueTrax UCTIOIb-
30BAJHCH CEUCHMSI COYAApEHHs DJICKTPOHOB C JIaH-
HBIMU MOJICKYJIAaMH, BEIyIHe K HOHU3AIMH, TUCCO-
[UANWY, BO30YKICHHUIO DIIEKTPOHHBIX COCTOSIHUH,
KoJIeOaTeNIbHBIX YPOBHEH, BpallaTeNbHBIX YPOBHEH
W ympyrux coypapenuit. Pacuer mpoBogwmics 6e3
y4eTa CBepXyNpYrHX COYAapeHUil ¢ KoyiebaTenbHO-
BO30Y)KJICHHBIMH MOJIEKyaMd. He yYHUTHIBAIUCH
ANEKTPOH-IJICKTPOHHBIE COYAapeHHs BCICICTBUE UX
MAaJIOTO BIMSHUSL HA Pe3yNbTaT MPHU paccMaTpUBac-
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Puc. 1. Cxopocts yosutn Macce [1I1 B ma3me Bo3ayxa B 3aBH-
CHMOCTH OT CTENEHH 3arpy3ku peaxropa. [asienue 100 Ila.
Tok paspsga 80 MA. Temneparypa o6pasia (333+5) K. JIu-
HelHast CKOpOoCTh MoToKa rasa 30 cm/c.
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Puc. 3. 3aBuCcUMOCTh MHTEHCHBHOCTEH M3iydeHus: 1 — uHUN
0 (35°%°—3p°P), 2 — momoc CO(b'T!, V = 0—-A'L, V = 2),
3 - NO(A%Z, V = 05X, V = 3), 4 — Ny(B%[1y, V = 25A%;,,
V =0), 5- Ny(C,, V= O—)BBHQ, V = 3), or crenenu 3arpys-
ku peakropa. Jlasnenue 100 ITa. Tok paspsma 80 MA. Jluneii-
Hasi CKOpocTh noTtoka rasa 30 cm/c.

E/N, 10" B-em®

1,4
1.2 4
1,0
0,8 -
] m 1 v 4
0,6 1 e 2 ¢ 5
A3 <4 6
0,4 T ¥ T ¥ T b T ¥ T
0 10 20 30 40
1%

Puc. 5. IIpuBeeHHas HANPSHKEHHOCTD HJICKTPHYECKOTO T10JIs B
paspsizie Bo3ayxa npu nasienun rasa 50 (1), 100 (2), 150 (3),
200 (4), 250 (5) u 300 ITa (6). Tox paspsina 80 MA. Jluneitnas
ckopocTh roTtoka rasza 30 cm/c.
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Puc. 2. Crkopocru pacxonoBanus O,(1) u o6pasosanus CO,(2),
H,O(3), H,(4), CO(5) B 3aBucuMocTH OT JaBjieHHs raza. TOK
paspsima 80 MA. Temneparypa obpasua (333+5) K. Jluneiinas
CKOpOCTH 1oTOKa rasa 30 cm/c.
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Puc. 4. Bpamarensuas (1) u koneGaTenbHbIC TEMIEPaTypbl
N,(C®L,) (2) u NO(A%E) (3). Jasnenue 100 ITa. Tok paspsma
80 MA.
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Puc. 6. KoHcTaHTBI CKOPOCTH BO30YKICHHUS INPSMBIM DIICK-
TpoHHBIM yaapoMm ypoBreil: 1 — Np(C3Il); 2 — NZ(BSHQ);
3-Ny(X%%", V=1) (3).
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Puc. 7. 3aBHCHMOCTb TayHCEHIOBCKOT0 KO3 (hDUIMEHTa HOHN3AUK B pa3psizie BO3AyXa OT CTEIeHH 3arpy3ku peakropa I1I1.

MBIX B paboTe BHENIHHX Mapamerpax. Pacders mo-
Ka3alld, YTO XapaKTEPUCTUIECKAs DHEPIHsl JIEKTPO-
HOB u3MeHsercs or 1,6 10 2,1 3B ¢ pocTom crenenu
3arpy3ku. CKopocTh Apefia 3JIeKTpOHOB MEHSETCS
¢ 7,5:10° o 1,16:10" cm/c. KoHueHTpawust 3mexTpo-
HOB, pacCUMTaHHAasl MO MPOBOJUMOCTH IUIA3MBbI, U3-
mensercs ot 6-10° 10 9,4-109 oM,

KoHCTaHTBI CKOPOCTH HHU3KOMOPOTOBEIX TPOIIEC-
COB, HalpUMep BO30YXKIACHHUS MEPBOTO KojeOaTeb-
HOTO YPOBHS MOJIEKYJ a3oTa (puc. 6), IpaKTHYECKH
HE W3MEHSIOTCSA CO CTEMEHBIO 3arpy3KH peakTopa
MTOJITMMEPOM, B TO BpeMsl KaK KOHCTAHTHI CKOPOCTH
BO30YKIACHUS MPSAMBIM 3JIEKTPOHHBIM YAapOM YPOB-
Hel ¢ OONBIIOH IMOpPOTOBOW DJHEPrueH, Hampumep
BSHQ,CQ’Hu MOJICKYJIIPHOT'O a30Ta, U3MEHSIOTCS I10-
YTH Ha MOPAAOK BenuuuHbl (puc. 6). Poct coaepxa-
HUsI B Ta30BO# (hase MpPOIyKTOB IuIa3Mojm3a (B oc-
nosaoMm CO,) monumponuieHa NPUBOIANT K YBEJH-
4eHHI0 A(PQPEKTUBHOCTH HOHHU3AIMH 32 CYET OO0JIb-
IAX CEUYECHHN HOHW3AIMU M MEHBIIUX HHEPruil
HOHM3aIMKU. B TO e BpeMs COAepIKaHUE MOJICKY-
JSIPHOTO KHUCIIOpOJAa B Ta3oBoi (paze cyliecTBEHHO
yMeHbINaeTcs, U ucxomuoe cootHomeHne Nj:0;
(4 x 1) usmenseTcs. ITO NPUBOAUT K IKCTPEMAalib-
HOM 3aBUCHUMOCTH 3(PPEKTUBHOTO TayHCEHOBCKOTO
ko3 durpeHT nonnsanuu (puc. 7), KOTOpPBIA pac-
CUHTBIBAIU KaK
— z:Kn 'Ym .

o
I n
Vdr

V, — CKOpOCTb Jpeiiha 3IeKTPOHOB B pa3psjie cMe-

CH C COJEpKaHHEM MPOAYKTOB IUIA3MOOKHUCIUTEIh-
Hoit nmectpykiuu [I1; Yy, — MonpHas J0JS KOMIIO-
HeHTa; K, — KOHCTaHTHl CKOPOCTH HOHHU3AIUH KOM-
IOHEHTA.

JlaHHBIC 3aBHCHMOCTH IIEITUKOM OIPEACIISIOTCS
n3MeHeHueMm Buaa OPOD mpu u3MeHeHUM CTENEHU
3arpy3ku peaktopa noaumepom. P3O npu manHOM
snauenun E/N onpenensiercss GamaHCOM DSHEPTHH,

npruoOpeTaeMoil 3MEKTPOHAMH OT TMOJIs,, U e¢ MOTe-
psAMH Ha Bce CTOJIKHOBeHuWs. [lotepu sHeprum Ha
CTOJIKHOBEHHS OTPENEIISIOTCS BEIMUNHAMU CEUECHUH
COOTBETCTBYIOIIUX MPOIIECCOB, UX GOPMOIl U TOpO-
TOBBIMHU DHEPTUSIMH MIPOIIECCOB B CIIydae HEYIPYTUX
coynapenuii. CpaBHEHUE COOTBETCTBYIOIIUX Ceve-
HUI MOKAa3aJi0, YTO TPAHCIOPTHOE CEUCHHE IS MO-
nexkyn CO,, CO, H,O, H, cymiectBenHo Ooiblire,
YeM Ui MOJIEKYJI Kuciaopoaa u azora. CedeHus BO3-
Oy >KIEeHUs KOJeOATeNbHBIX YPOBHEH MIJIi MOJICKYII
CO, CO; Taxxe 0obIe, YeM TSI MOJIEKYJ a30Ta U
KHCopoJsia. B cHily 3THX MPHYMH NOSBICHUE MOJIe-
kyn CO, CO, npuBoAUT K yBenuueHHIO 3(H(HEeKTHB-
HOT'O TPAHCIOPTHOTO cedyeHus, 3D (HEKTUBHBIX ceue-
HUI TPOIECCOB ¢ OTHOCHTEIBHO HU3KUMH HOPOTO-
BBIMM SHEPrUsIMH M YMEHBIICHUIO 3(()EKTUBHBIX
CeUeHH BBICOKOIOPOTOBBIX mpoueccoB. [losTomy
BiausiHre Mosiekys CO, CO, na Bug ®POD u kune-
TUYECKUE XAPAKTEPUCTUKU IJIEKTPOHOB 3aBHCUT OT
NPUBEACHHON HaNpsDKEHHOCTH 3JIEKTPUYECKOro T0-
nsi. [Ipu Hu3kux 3HaveHusx E/N ocHOBHOWM Bkmaj B
MOTEPU DHEPTHH DJIEKTPOHAMHU OKa3bIBAIOT YIpPyTHE
W HU3KOIOPOTOBBIE TPOIECCHl, CEYCHUS KOTOPBIX
yBenmuumuBaroTcs ¢ pocrom cogepxanus CO, CO, u
H,0. Ilpu ¢uxcuposannoit E/N morepe sHeprum Ha
CTOJIKHOBEHHE BO3pACTalOT IO CPaBHEHHWIO C YH-
CTBIM BO3/[yXOM, YTO IIPUBOJIUT K CHIDKEHUIO Xapak-
TEPUCTHYCCKON DHEPrHMM W KOHCTAaHT CKOPOCTEH
HHU3KONOPOToBbIX TporeccoB. [Ipu yBennuennn E/N
BKJIaJl B IOTEPU SHEPTUHU MPOLIECCOB C HU3KUMH II0-
poramMu yMmeHbInaeTcs. [lockonbky 3¢ (heKTHBHbBIC
CeUeHMs TIPOIECCOB C BBICOKUMH TOPOTOBBIMH
sHeprusimu B cMecu ¢ CO u CO, Hmke, 4eM B 4H-
CTOM BO3JyX€, BIHUSHUE MPOAYKTOB CTAHOBHUTCS OT-
HOCUTETHbHO MEHBIIUM, YeM MPH HU3KUX 3HAYCHUAX
NPUBEJICHHON HANpPSDKEHHOCTH DIIEKTPUYECKOTO T10-
ns1. ClieACTBUEM 3TOTO SABJISIETCS MEHEE 3HAYHMTEIb-
HOE HM3MEHEHHE COOTBETCTBYIOIIUX KOHCTAHT CKO-
pocreii npu yBeanuenuu coaepikanus CO u COs.
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Summary

The results of the studies related to the effect of
loading under the action of low-temperature air plasma on
the surface of a polypropylene (PP) film are given. A
gravimetric method was used to study the kinetics of the
etching of the polymer. The formation rates of gaseous
products and oxygen uptake rate at the air plasma treat-
ment of the PP film at direct current discharge were ob-
tained using mass-spectrometry. A longitudinal electric
field strengths was determined by the current compensa-
tion technique in a two-probe circuit. The emission inten-
sity of several oxygen and hydrogen atomic lines and N,,
NO, CO emission bands were measured in order to de-
termine rotational and effective vibrational temperatures
of the N,(C>I1,) molecules, effective vibrational tempera-
tures of the NO(AZ) state, concentration of O(°P) atoms.
Numerical solution of the Bolzmann equation gave the
electron energy distribution function (EEDF). It was
shown that the presence of a polymer film leads to the
10% growth of the field strength but does not have any
influence on the gas temperature. Even small loading of
the reactor with a PP film brings in a definitely lower
emission intensity of both the lines of atomic oxygen and
N,, NO bands. A higher load results in the change of the
ratio of the main PP film plasma-induced oxidative deg-
radation products such as CO,, CO, H,0, H,. The calcu-
lated EEDF made it possible to analyze the action of the
heterogenic reaction products on the rate coefficient for
the electron impact excitation of some states. Gaseous
products of PP film plasma-etching have a strong impact
on electrophysical parameters of the discharge and the
kinetic characteristics of etching. All that should be taken
into account in future research and development of new
technologies of plasma-processing of polymeres.

Keywords: loading effect, air plasma, plasma-
chemical etching, gaseous products, reduced electric field
strength, vibrational and rotational temperature of N2,
kinetics.
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ConocraBiieHue usMeHeHUs1 PU3NKO-XUMHIECKUX
CBOMCTB PaCTBOPOB MO/ AeiiCTBMEM HAIBOJXHBIX
U MOJABOJHBIX Pa3PsiI0B

C. B. Cuaxkun

Huemumym xumuu pacmeopog um. I'.A. Kpecmosea PAH,
yi. Axademuuecxas, 1, 2. Usanoeo,153045, Poccus, e-mail: SSV-bunker@rambler.ru

HccnenoBanocs n3MeHeHHE (PU3UKO-XUMHUYECKUX CBOMCTB PacTBOpa SJEKTPOJIUTA TOXA JACHCTBHEM
Ha/IBOJHBIX M MOJBOTHBIX Pa3psAmoB atMochepHoro naBieHus. CONOCTaBIsIOCH HAKOIJICHHE TTEPOK-
cHulia BOAOPO/a, U3MEHEHHE YJEIbHON AJIEKTPOIIPOBOAHOCTH M PH 351eKTpOIUTOB, NOABEPraBIIMXCS
BO3JICHCTBUIO TJIEIOIIETO, TUadparMeHHOTo U TOpLEBOro paspsaoB. IlokazaHo, 4To HanOoOJbIINE U3-
MeHeHHsI (PU3UKO-XUMHYECKUX CBOWCTB PacTBOpa HAOMIONAIOTCS MOJT BIMSHUEM TJICIOLIETO paspsija ¢
ANEKTPOIUTUUECKUM KaTOA0M, HAUMEHBIINE — O] IeHCTBUEM TOPLIEBOIO pa3psaia.

Kniouesvie cnosa: naosoomwill paszpsio, n0O80OHbLI paspsio, NEPOKCUO 8000p00d.

YK 537.525
BBEJAEHUE

B Hacrosiiiiee BpeMsi HHTEHCHBHO pa3pabaThiBa-
FOTCS METOJbl OYHCTKH W CTEePHIH3AIMUA BOJABI U
BOJHBIX PACTBOPOB C MCIOJB30BAaHHEM ILIA3MEHHO-
pacTBOpHEIX cHcTeM. IIpu TOM paspsabl BO30YK-
JAIOTCS KaK HaJ MOBEPXHOCTHIO PacTBOpa, TaK U B
obbeme anektponuta [1-3]. HanBogubie paspsiisi
MPEICTABISIOT COO0M Ta30BBIE paspsIbl aTMochep-
HOTO JIaBJICHUS, B KOTOPBIX IUIa3Ma KOHTAKTHUPYET C
pacTBOPOM DIIEKTPOJIUTA, SIBISIOIIUMCS KaTOJOM.
AKTHBHBIC YaCTHUIIbI B TaHHBIX paspsgax o0pasyroT-
Cs B TOHKOM TOBEPXHOCTHOM CIIO€ pacTBopa — 00-
nactu karogHoro mnsaTHa [4]. [lepBUYHBIMH aKTHB-
HbIMH YaCTHI[AMH SIBJISSIOTCS aTOMapHBIH BOIOPO,
THIPOKCHII-PAJUKANIbl U COJBBATHPOBAHHBIE O3JICK-
TpoHbl. JluMepu3anus THAPOKCUI-PATUKAIIOB MPHU-
BOJUT K 0Opa3oBaHHIO B pacTBOPE BTOPUYHOTO
OKHCJIMTENILHOTO areHTa — IMepoKcuaa Bogoposa [5].
I'eHeparviss XAMHYECKH aKTUBHBIX OKHUCIUTEINEH O
JCWCTBHEM TICIONIETO U TUagparMeHHOTO pa3psiioB
n3yJanach paee B [6].

B moaBOMHEIX pa3psaax 30HA MITa3Mbl HAXOIUTCS
BHYTPH KHUIKOW (haswl, YTO MPHBOAMUT K 0Opa3oBa-
HUIO AKTHUBHBIX YacTHI[ B OOBEME JJIEKTPOJIMTA.
IIporieccsl TeHepalMy TEPBUYHBIX AKTHBHBIX dac-
THUIl B TIOJBOJHBIX M HAJBOMHBIX paspsaax OIH3KH
[7]. D10 0OBsICHACTCS TEM, YTO TIOJABOIHBIC PA3PSIbI
HHUIUUPYIOTCS B Mapora3oBoM my3bipbke. CrieHa-
puit passuTHs auaGparMeHHOTO W TOPIIEBOTO pas-
psanoB omucan B [8]. Pasnuume CBOWCTB MMTa3MbI
nuapparMeHHOTO M TOPIICBOTO Pa3psiIioB OIMPEaeIIs-
eTCs pasIMYHBIMH DJJEKTPHUSCKUMHU TapaMeTpaMu
TOPEHHUsT pa3psiia W, CIIEAOBATEIbHO, PA3THYHBIM
BIHMSIHUEM Ha (HU3MKO-XUMHYECKHE CBOWCTBA JIICK-
TPOJIUTA.

Ilens naHHOW pabOTBI — CpaBHEHHE H3MCHEHHSI
(U3NKO-XMUMHUYECKUX CBOWCTB PACTBOPOB TpH JIeii-

CTBHH TJICIOIIETO pa3psijia aTMOCHEPHOTO JTaBIICHUS
C SJEKTPOJUTHYCCKUM KATOJOM C JCHCTBHEM Jua-
(parMeHHOT0 M TOPIIEBOTO PA3PSIOB.

METOJJUKA OKCIITEPUMEHTA

Tnerormmii paspsg arMochepHOTO IaBICHHUS C
AIIEKTPOJIUTHBIM KaTOAOM HWHUIIMUPOBAIU B JHaria-
3one TokoB 10-40 MA. IlomBomHble pa3psabl BO3-
OyXIald Ha TOCTOSHHOM M TEPEMEHHOM TOKE B
muanasone 40-100 mMA. PaGouum pacTBOpoM City-
xkuin 0,001M Na,SO,. O0beM 37IeKTpOJINTa COCTaB-
msut 500 mi1. B kauecTBe 35IeKTPOIOB BO BCEX pa3psi-
JIaX MCIIOJIb30BATIH IPAPUTOBBIE CTEPIKHU.

CXeMbl SKCHEPUMEHTANBHBIX —IIa3MOXUMHYE-
CKHX sTYEeK IpECTaBlICHbI Ha puc. 1.

KonmenTpanus nepokcuaa BOJOPOAa OIMpeses-
Jach METOAOM HOJOMETPHH IO CTaHAAPTHOW METO-
JMKe ¢ J100aBiIeHHEM MOJMOJaTa aMMOHHS B Kade-
CTBE CEJICKTHBHOIO KaTalMW3aTOpa PEeaKiMu MepOoK-
cuza Bogopoaa ¢ Hoaua-worom [9, 10].

W3MeHeHne KUCIOTHOCTH M 3JEKTPOMPOBOIHO-
CTH 3JICKTPOJIMTA JIO U Tocie 00paboTKU pa3psiaoM
omnpenesuin ¢ momomsto pH-metpa U-160MU u
koHaykTomerpa inoLab Cond Level 1 coorBerct-
BEHHO.

PE3VYJIbTATHI

ComnocTaBieHue TaHHBIX HAKOIUICHHS ITEPOKCHUIA
BOJIOPOJia B PAa3NMYHBIX I[UIA3MEHHO-PACTBOPHBIX
cUCTeMax MpH Pa3IMYHOM TOKE pa3psaa IOoKazaio,
yro H,0O, Hanbonee WHTEHCHMBHO 0Opa3yercs MOJ
neiicteueM Tierommero paspsga (puc. 2). Konren-
Tpalusl TEPOKCHAA BOAOPOJA JIMHEHHO pacTeT C
POCTOM TOKa TJCIOMIETO pa3psiia B U3yUYCHHOM AHa-
mazoHe TokoB. Ilox meilicTBueM muadparMeHHOTO U
TOPIIEBOTO Pa3psOB 3aBUCHMOCTh KOHICHTPAIIUH
HaKOIUIEHHOTO MEPOKCHAa BOJOPOAA OT TOKa HOCHT
HEJIMHEHHBINA XapaKTep.

© Cuukun C.B., DnekrponHas o6paborka matepuanos, 2014, 50(1), 106-109.
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Puc. la. flueiika Tieroniero paspsa:

Puc. 16. fueiika nuadparmMenHoro paspsi-

Puc. 1B. Slueiika TopieBoro paspsaa:

1 — pacTBOp 271eKTpoanTa; 2 — 30Ha pa3ps- jga: 1 — pacTBop anekTponura; 2 — BHyT- 1 — pacTBOp 3neKkTpoiuTa, 2 —
ma; 3 — T[OTEHUMATbHBI 3JEeKTpOJ; peHHHid cocyn;, 3, 4 — OJEKTpOAbl, AMdIeKTpuueckas TpyOka; 3, 4 -—
4 — 3a3eMJICHHBIN 3JIEKTPOJ. 5 — nnadparma. ANIEKTPOJIBI; 5 — 30HA pa3psa.
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Puc. 2. 3aBUCHMOCTb HAKOIUICHHS [IEPOKCHA BOAOPOIa OT Toka paspsza ((a) — nuadparmennsiii; (6) — TopueBolt; (B) — Tieromumit)
npu 30 MUHYTaX IUIa3MEHHOI 00paboTKH: 1 — C AIEKTPOIIMTUUECKAM KaTOAOM; 2 — C DJIEKTPOJIUTHYECKUM aHOJIOM; 3 — Ha IIEpeMeH-

HOM Toke. YcioBus dkcnepumenta: anexTponut — 0,001M cysbdar Hatpus oosemom 500 mi, anektpoast — rpadut, rpadur.

HeiicTBre nuadparMeHHOTO W TOPILIEBOTO paspsi-
JIOB C D3JIEKTPOIUTHYECKUM KaTOIOM IPUBOJUT K
OoJplIIEMY HAaKOIUICHMIO NEPOKCHA BOIOPOJA, YeM
C JJIEKTPOJUTHUYECKUM aHOJOM IIPH OJMHAKOBBIX
YCIOBHSIX ropeHus paspspa. HakxomieHue nepokcu-
Jla BOZOpOJAa NpH TOPEHUH TOPLIEBOrO paspsjaa Ha
MIEPEMEHHOM TOKE HIDKE, YeM IpU TOPEHHH Ha IIO-
CTOSIHHOM TOKE€ C 3JEKTPOJIUTUYECKUM KaTOAOM, HO
BBIILIE, YEM C JJIEKTPOJIUTHYECKAM aHOAOM. JleHct-
BHe AuadparMEeHHOIro pa3psaaa Ha NEPEMEHHOM TOKE
MIPUBOJUT K HAHOOJBIIEMY HAaKOIUIEHHUIO MEPOKCHIA

BOJIOPOZIa MO CPaBHEHUIO C €ro JCHCTBHEM Ha II0-
CTOSSHHOM TOKE TIPH OJIMHAKOBBIX YCIOBHSX TOPCHUS
paspsina.

Cnenyer OTMETUTh OTCYTCTBUE MEPOKCHIA BOJO-
polla B IJIa3MEHHO-PACTBOPHBIX CHUCTEMAax C TOpIIE-
BEIM Pa3psiioM MPH TOKE 10 55 MA ¢ AIIEKTPOIUTH-
YECKUM KaToJIOM W TIpH Toke a0 70 MA ¢ aiexTpo-
JUTHYECKUM aHOJIOM, a TAKXKe Ha TIEPEMEHHOM TOKE.

Kunetnueckue kpusble Hakoruienus H,O, B Te-
genrne 60 MHHYT TTOKa3bIBAlOT HEIWHEHHOE YBEIH-
YCHHE KOHIICHTpAIMM MPOJYKTa IOJa JCHCTBHEM
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TJICIOIIEr0 M TOPLEBOro paspsuoB. KuHerndeckue
KpHUBBIC HAKOIICHHs IEPOKCHIA BOAOPOA IO ICH-
CTBUEM JAuadparMEeHHOTO paspsiga MPOXOAAT uepe3
MaKCHMYM, YTO CBSI3aHO, MO-BUAUMOMY, C TEPMHUUE-
CKHM pasnokenueM monekya H,O, (puc. 3).

2,0 A
1.8 - 4 3
1,6 - -
S 144 7
§ 1,2 - 1 4
Z 1.0-
S 038- 6
S 061 2 5
0,4 1 v
0.2 1 <
oo0lel me—r 0000
0 5 10 15 20 25 30 35 40 45 50 55 60
T, MuH

Puc. 3. Kunernueckne 3aBHCHMOCTH HAKOIUICHHS HEPOKCHIA
BOJIOpoJa mox neWcrBueM: 1 — nuadparMeHHOTo paspsiga c
AIEKTPOJIUTUUECKUM KaTOOM; 2 — nuadparMeHHOro paspsija ¢
UEKTPOIUTUUECKAM aHOZOM; 3 — auadparMeHHOro paspsaa
MEPEMEHHOT0 TOKa; 4 — TOPLEBOr0O pa3psiia ¢ JEKTPOIUTHYC-
CKHM KaToOZIOM; 5 — TOpLEBOro pa3psija ¢ 3JIEKTPOIUTHYCCKUM
aHOJIOM; 6 — TOpLIEBOTO pa3psia MEPEMEHHOTO TOKa; / — TIIeI0-
IIero paspsja.

U3menenne (U3MKO-XMMUYECKHX CBOMCTB 3JIEKTPOJIUTA
IO JCUCTBUEM Pa3IMYHbIX PA3psIoB

Pazpsin KoanuectBo Ak, ApH
anekTpuuecTtsa, | MKCm/cm
MIPOLIEAIIETr0
4yepes pacTBop,
K
Taeromui 18 300 2,5-3
72 400
120 700
360 2830
Topuesoit 80 5 0,2-0,7
117 23
135 28
180 35
Huadpar- 60 60 0,2-0,7
MEHHBIH 90 125
126 152
180 180

YwMenbpienue PH U pocT 3IIEKTPONPOBOIHOCTH
9NEKTPONIUTAa MOJ JACHCTBHEM TICIOLIETo pa3psaa
[11] cBs3aHBI ¢ HaKOIUIEHHMEM B PAacTBOpPE a30THOM
KHCIIOTHI, 9TO OBUIO TOATBEPKACHO aHAJIM30M pac-
TBOpa ¢ nomouipto nonomerpa M-160 ¢ nonocenex-
TUBHBIM 3J1eKTpojioM (3Hauenus: PH u pPNO3 paBHbI).
IIpu Bo3meticTBHM AuadparMEHHOTO W TOPIIEBOTO
pa3psaaoB HaOIIOAIOCH HE3HAYUTEIBHOE YMCEHBIIIE-
HHE KUcIoTHOCcTH pactBopa (Ha 0,2-0,7 emuHuUIbI)
HE3aBHCHMO OT TOKa paspsiga. Takoe H3MEHEHHE
KHCJIOTHOCTH, CKOpEe BCEro, CBSI3aHO C PacTBOPEH-
HBIM B 3JIEKTPOJIUTE BO3IYXOM.

HN3MeHeHne  yJIenbHOM  3JIEKTPONPOBOHOCTH
pacTBopa Mo BIWsSHUEM quadparMeHHOTo paspsia
BBIIIIE, YeM MpPU JEHCTBUU TOPLIEBOTO paspsijaa MpH
OIMHAKOBBIX YCIOBHAX €ro TOPEeHHdA, OJHAKO Ha
MOPSIOK BETTMYUHBI HU)KE, YEM IMPHU TOPEHHHU TIICO-
mero paspsga. M3meHenue (HU3MKO-XMMHUYECKUX
CBOWCTB 3JIEKTPOJINTA MO ACHCTBUEM HAIBOJHBIX U
MOJIBOJHBIX Pa3psioB TMPH Pa3IHYHBIX yCIOBHIX
TUTa3MEHHOI 00pabOTKU NPEACTAaBICHO B TAOIHIIE.

[lomydeHnHble pe3ynbTaThl TOKa3bIBAIOT, YTO
HauOopIIee W3MEeHeHHe (M3MKO-XHUMUYECKHX II1a-
paMeTpoB HaONIOJAeTCs B AJEKTPOJIUTE, KOTOPBIHA
noABeprajics ACHCTBHIO TICIOIIEro paspsia aTMo-
chepHOro MaBIEHHS] C DIIEKTPOJIUTHBIM KaTOAOM
(maxomnenne HyO, W a30THOW KHCIOTHI, TPUBOIS-
mee K POCTy KHCIOTHOCTH M 3JIEKTPOIPOBOTHOCTH
anekTponuTa). HaumMeHnbiiee wu3MeHeHHe (U3HKO-
XUMHYECKUX MMapaMeTPOB AJIEKTPOIUTA ITPOUCKOINT
I0/1 BJIMSIHUEM TOPIIEBOTO pa3psiaa (MPakTH4ECKH He
u3MeHsoTcss PH U 3JIeKTponpoBOIHOCTH, HAKOILIE-
HHE TEePOKCHIAa BOJAOpPOJAa HE  MPEBHIIIAET
1,1-10° mons/n 3a 4ac o6paborku). Takoe BIMSHHE
TOPIIEBOTO pa3psifa Ha 3EKTPOJIHT ITO3BONSIET CUH-
TaTh €ro TMEpPCIeKTUBHBIM MPUMEHHUTENBHO K TIPO-
[eccaM OYHCTKHA W CTEPHIIM3AlUU BOJBI U BOJHBIX
PacTBOpPOB.

Paboma svinonnena npu noodepoicke epanma PODU
MNe 12-03-31297.
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Summary

The changes in physicochemical properties of an elec-
trolyte solution under the action of surface-water and
underwater discharges of atmospheric pressure are
studied. Comparison is made between hydrogen peroxide
accumulations, changes of conductivity and pH of electro-
lytes under the action of glow, diaphragm and face dis-
charges. It was shown that most drastic variations of
physicochemical properties of solution are observed under
a glow discharge with an electrolyte cathode, while at a
face discharge they are minimal.

Keywords: surface-water discharge, underwater dis-
charge, hydrogen peroxide.
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Biansinue TOJIIMHBI CJI05 IJICEKTPOJIHUTA
Ha €ro 3JICKTPOIIPOBOAHOCTD

B.I'. Hedenos, B. B. Matsees, /I. I'. KopoasiHuyk

I'BY3 Vkpaunckuil 20cydapcmeenuvlil XUMUKO-MEXHOL02UYECKUTL YHUBepCcUmen,
np. Fazcapuna, 8, 2. /[nenponemposck, 49005, Vrpauna, e-mail: VNefedov@i.ua , korolyanchuk@ya.ru

H3y4eHa 351eKTpOoIIpOBOAHOCTH ClloeB 1,5 H rHIpoKcHIa HATPUsI B 3aBUCUMOCTH OT TOJILIMHBI. DIieK-
TPONPOBOJHOCTH IIJICHOK OLIEHHBANACh JBYMS METOJAaMH Ha MOCTOSIHHOM M IIepeMEHHOM Toke. Tou-
IIMHA CJIOEB 3JIEKTPOJIMTA B JMana3oHe oT 2 MKM 10 50 HM omperersiiack HHTEpHEPOMETPUUECKUMHU
Meronamu. [lokasaHo, 4TO NPH YMEHBIICHWH TOJIIMHEI Ciost anekTponuTta ot 10 mm mo 0,5 Mkm
9JIEKTPOIIPOBOAHOCT yBenHuMBaeTcs npuMepHo B 150-250 pas; mpu nanpHeWIIeM yMEHBIICHUH
tomuuHb! (10 50 HM) OHa OCTAaETCsI IPUMEPHO MTOCTOSHHOM.

Kniouegvie crosa: snekmponuz 600vl, yOenbHds INeKMPONPOBOOHOCHb, KIACMEPHAs CMPYKMypa

6000L.

YK 544.723;541.136
BBEJEHUE

O6men3BectHo, uro noasmwxuHocts H™ 1 OH B
pacTBopax B TpPH-CEMb pa3 IPEBHIACT IOJBIK-
HOCTh OCTalbHBIX MOHOB [1]. Ilpuuuna B TOM, YTO
KpOME MHUTPAlMOHHOTO IIEPEHOCa 3IEKTPUUECKHUE
3apsiibl MOTYT IIEPEHOCUTHCS TI0 BOAOPOIHBIM CBSI-
355M MOJIEKYJ BOABI. DTOT MEPEHOC TNPEACTaBISET
co00O# TyHHETHpOBaHUE 3apsiAa MEXIy OBYMS OpH-
SHTUPOBAaHHBIMU OIIPEIeNCHHBIM 00pa3oM MOJIEKY-
JaMu BOJbI. MOJIEKYIIbI OPUEHTUPYIOTCS U CTaOMIIN-
3UPYIOTCSI BOAOPOIHBIMHU CBSA3SIMH, SHEPIHs KOTO-
pBIX OTHOcuTeNnbHO HeBenuka — 18+20 k/[x/Mons.
ITosTomy oOpasyromuecs CTPyKTYpbl HEIOJIrOBEY-
HBI — JIETKO Pa3MBIBAIOTCSI B PE3YJILTATE TEIJIOBOTO
JBIDKEHHS MOJIEKYJ M 00pa3yroTcsi BHOBb. To ecTh B
XKHUIKOW BoAe (hopMHUpYIOTCS «MepLarolue Kiacre-
PBI» ¢ ONMKHAM TOPSIIKOM PACIIOJIOKEHHS MOJIEKYJIT
[2-4], pasmepsl OCIEIHUX COCTABISIOT HECKOJIBKO
HaHoMeTpoB [5]. B aTom cimywae mpouecc nepenoca
3apsiia COCTOUT U3 OBICTPOTO TyHHENIWPOBAHUSA MPO-
TOHA BJOJIb BOJAOPOAHOW CBSI3M M MEIJIEHHOW Bpa-
LIaTeJIFHON MEPEOpPUEHTALUN MOJIEKYJ, B Pe3ybTa-
T€ KOTOPOH AOJKHAa C(hOPMHUPOBATHCS HOBAask KOH-
¢burypanus, ONaronpHATCTBYIOMIAs —CIEAYIOLIEMY
nepenocy [6]. Hapsny ¢ acradeTHbIM MeXaHH3MOM
nepeHoca 3apsAa H3BECTEH MeEXaHH3M IIepeHoca
I'porryca. Ero MoXHO NpeAcCTaBUTh KAaK OJHOBpE-
MEHHBI CIBHUT 3apsiIOB OT OJHOTO KOHIA LETOYKH
INPOCTPAHCTBEHHO CTPYKTYPHPOBAHHBIX MOJIEKYJ K
apyromy. C TOUKH 3peHHsS CKOPOCTH IIEPEHOCA 3TOT
MexaHu3M Ooiiee 3(QeKTUBEH, MOCKOIBKY 3apsi
NEPEHOCHUTCS] Ha 3HAYUTEIbHO OOJIbllIee PACCTOSHHE
u He TpeOyeT 3arpaT BpeMEHHM Ha IPOCTPAHCTBEH-
HYIO TIePECTpOiKy MoiieKyn Boabl. OqHaKo cyiie-
CTBOBaHHME ATOTO MEXaHW3Ma BBI3BIBAET COMHEHHUS,
MOCKOJIBKY IpEANoyiaraeT Hald4due AalbHEro Io-
psIKa PacIONIOKEHHsSI MOJIEKYIT B )KUAKOH dasze. Tem
HE MEHee ero BO3MOKHOCTh He oTBepraercs [7, 8]. B

HACTosIIiee BpPEMsI €CTh PabOThl, B KOTOPBIX pac-
cMatpuBaercs cyniectBoBanue knactepos (Hy0)ssH”
[9], xmacTepoB pasmepom g0 250 um [10] u cympa-
HAJIMOJICKYJSIPHBIX ~ KOMIUIGKCOB ~ pasMepoM  JI0
100 MKM ¢ ymopsI0uYeHHBIM PACIOIOKCHHEM MOJIe-
kyn Bozabl [11]. OTmeuaeTcs, 4TO CTPYKTYpbl 0OHa-
PY’KUBAIOTCSI WJIM MMEIOT TIPEUMYIIIECTBEHHOE TIPaBO
Ha CYIIECTBOBAHHE BOIU3U MOBEPXHOCTHU HKUKOCTh-
ra3, 4YT0 MOXXHO OOBSCHHTH HaJIHMYMEM HEKOTOPOTO
U30BITOYHOTO 3ar1aca YHEPrHH.

JlanbHUN TOPSJIOK PACIONIOKESHUS MOJIEKYJ BO-
JIbl HA TIOBEPXHOCTH Ta3—KWJIKOCTh M TIEPEHOC 3apsi-
JIOB TYHHEJIMPOBAaHHEM JIOJKHBI CKa3aThCsl Ha BEJHU-
YHUHE JJIEKTPOIPOBOJHOCTH MOBEPXHOCTH U TOHKHX
CIoeB dNeKTpoiuTa. JIeHCTBUTENbHO, B HALIUX pa-
00Tax OMHMCaHO HOBOE SIBJICHHE — aHOMAJILHO BBICO-
Kas cKopocTh nepeHoca uoHoB H™ u OH B ciosx
JIIEKTPOJIUTA HA TPAHHMIIE C BO3MYXOM TPH IJIEKTPO-
mm3ze Boxabl [12]. TlokasaHo, 9TO TPH BIEKTPOXHMU-
yeckoi rereparuu H+ u OH-noHOB B cioe ainek-
TposuTa DIyOWHOH 1 MM Ha TpaHUIle ¢ BO3AYXOM
s pexTuBHAS BEIMUYNHA YACTBHON AIEKTPOIIPOBO/I-
HOCTH TIPEBBIIIAET 0OBEMHYIO, H3MEPEHHYIO0 MOCTO-
Bo#l cxemoii, B 1,5-2,5 pa3a. [IpeaensHas TodmuHa
CJIOSI 9JICKTPOJINTA, MPH KOTOPOI MPOSBISETCS MO-
BBIIIICHHAS AJIEKTPOIPOBOJHOCTh, COCTABIISIET OKOJIO
10 mm. Ecnu mpupocT 31eKTpOonpoBOIHOCTH OIpe-
JieNAeTcs TYHHEIMPOBAaHHEM 3apsAaa Mo YHopsao-
YEHHBIM CTPYKTYpaM Ha TOBEPXHOCTU BOJBI, TO IIO-
BBIIICHHE TEMIIEPATypPhbl IODKHO MPUBECTH K pa3-
PYIICHUIO KJIACTEPOB M CHUIKEHHUIO TPUPOCTA DIICK-
TPONpOBOAHOCTH. [IpoBeIcHHBIE HAMH SKCIIEpPUMEH-
TBI TOITBEPIMIN BBICKA3aHHBIC MPEANOIOKEHUSI. C
pocrom Temmepatyp a0 60-70°C mpupocT 35meKTpo-
MPOBOJIHOCTH HE YBEIIMYUBACTCS, & YMCHBIIIACTCS, U
npu temmeparype 4°C  (HauOonee mpaBHIbHAS
CTPYKTYpa BOJbI) YJAENIbHAs JJIEKTPOIPOBOIHOCTS,
u3MepeHHas B sueilike riyouHoit 1 mm, Bo3pacraer
npumepHo B 8 pas [13]. Benwuunna npupocrta 31eKT-

© Hedenos B.T'., Marsees B.B., Koponsauyk JI.T'., Dnekrponnas o6padorka marepuanos, 2014, 50(1), 110-114.
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POMPOBOIHOCTH 3aBUCHT TaKXe OT NPUPOJIBI pac-
TBOpa [14]. JIpyroi mpoBepkoil aHOMAaJIbHO BBICO-
KOI MOBEPXHOCTHOM 3JIEKTPOIIPOBOIHOCTH SIBIISCTCS
YMEHBILICHUE TOJIINHBI CJI0sI 3JIEKTPOIUTA U YBEIH-
YeHHE JIOJIU SJICKTPUYECTBA, IEPEHOCUMOro Oe3ak-
THBAI[OHHO IO KJIacTepaM Ha IMOBEPXHOCTU. B nmaH-
HOM COOOLICHHH HCCIIEAYETCsl BIHSHHE TOJIIMHBI
CIIOSL DNIEKTPOJIMTA HA BEJIMYMHY €ro JJIEKTPOIpO-
BOJTHOCTH.

1. METOAUKA SKCIIEPUMEHTOB

DJEeKTPONPOBOAHOCTh PACTBOPOB  H3MEPSIIACH,
Kak B HalIMX Mpeablaymux padorax [12-14], ¢ uc-
[10JIb30BAaHUEM MOCTOBOHM CX€MbI Ha NEPEMEHHOM H
MIOCTOSIHHOM TOKE, 110 BEJMYUHE TaJeHHs HaIpspKe-
HUS B CJIO€ DJIEKTPOJIUTA U3BECTHOW KOH(UTYparuu
IpU 3aJaHHON TOKOBOH Harpyske. [lmockas siuelika
IUIL HU3MEPEHHUs] BIIEKTPONPOBOJHOCTH B TOHKHX
ClosiX 3JekTponura omucaHa B [12]. Mcrounukom
[IOCTOSIHHOTO TOKa Ciykun noreHuuoctat I1M1-50-
1,1 B pexxumMe ranbBaHOCTaTa. PerucTpanus mameHus
HaNpsDKEHUST OCYIIECTBISIACh HAa CaMOMMIIYIIEM
npubope H307/1 nnm Ha KOMITBIOTEpPE, MOIKIIIOYCH-
HoM uepe3 wmynsTUMerp UT70B. Ilockombky B
IJIOCKOW SYeiKe MOIYUYUTh CIOU AIEKTPOJIMUTA TOJI-
MHOW MeHee 1 MM He yAaBanoch — JIEKTPOJUT
cobupascs B KaIullo CUIaMU ITOBEPXHOCTHOTO HATsI-
KEHUs, JUI1 yMEHBIIEHNs [I0OBEPXHOCTHOIO HaTsDKe-
HUS K DIEKTPOIUTY O00aBISUIMCH IMOBEPXHOCTHO-
aKTHBHBIC BeIleCTBA. B KauecTBe AJIEKTPOIUTA IPH-
MEHSUICSI PAacTBOP TMAPOKCHUAA HATPUS KOHIIEHTpa-
nueit 1,5 mouw/n ¢ nobaskoit IIAB-JIC-10 koHnen-
tpaumeir 20 r/m. CToip BBICOKash KOHLCHTpAIMS
I[TAB B anexTponuTte 0OBACHSIACE HEOOXOIUMO-
CTbIO O0ECHEUUTh CYIIECTBOBAHHUE TOHKHX CIIOEB
ANIEKTPOJINTA NIPU TIPOBEJCHUN H3MEPEHUH.

Jnst m3MepeHus 3JIEKTPONPOBOAHOCTH B CIOAX
tomummHoi 100 MKM M MEHbIIE HaMH HCIIOIb30Ba-
JMCh JIBA TUINA SUEeK C Pa3HBIMHU yCIOBUSMH (op-
MHUPOBAHHUS CJOSl DIJIEKTPOJIUTa TOJIMHOW MEHee
100 mMxm. OaMH U3 HUX IPEACTABIISLI COO0H paMKy,
OOKOBBIMH CTEHKAMH KOTOPOU SIBIISUTUCH DIIEKTPOJIBI
u3 HUKeneBoW mnpoBoioku auamerpoM 200 MM,
TOPLIEBBIMU CTCHKaMHU — TOHKHE CTEP>KHH W3 IOJIHU-
mpormiena (puc. la). IllupuHa siueek cocTamisia
2 cM, mmuHa — oT 2 1o 7 cMm. Cloi 3JeKTpouTa,
crabunmsupoBanHoro [1AB, dopmupoBancs mocie
[IOTPY>KEHUS U U3BJICUCHUS PAMKHU U3 3JIEKTPOJINTA C
JAC-10.

Bo Bropom THnE stueek (puc. 10) mimHa anek-
TPOAOB HdOCTUTana 25 CM NPH MEX3JICKTPOIHOM
paccrossuun 2 cM. [lo amekTpomaM mepemenanach
MOJBMKHAS KapeTka Hu3 (Topmiacta. DIEKTPOIUT
MHKpPOA03aTOPOM IOJABAJICS B ILENb MEXIY Kaper-
KOH W ayieMeHTOM IntatuBa 2. [lneHka pasHOH TOJI-
MIMHBL 00pa30BBIBANACH TI0O MEPE OTOJBUTAHHS Ka-
PETKH.

]

(a) (6)

Puc. 1. Cxema siueek Il HCCICAOBAHUS IPOBOAUMOCTH TOHKHX
wrenok:  (a) —  sueidika-pamka; 1 —  JNEKTPOABL;
2 — NOJNHUNPONMICHOBBIE CTEP)KHH; 3 — TOKOMOABOABI ITHTAHHS
AIIEKTPO/IOB; 4 — TOKOMO/BOJ ISl MOAKITIOUCHHUS XJopcepeopsi-
HOTO 3JIEKTPOJa CPaBHEHUS; 5 — meTesbKa Uil TI0JBEIIHBAHHSL.
(6) — stuelika ¢ MOABUIKHOM KapeTKo; 1 — 3JIeKTpobl; 2 — diie-
MEHTBI [ITATHBA JUIS KPEIUICHHS 3JIEKTPOOB; 3 — TOKOMO/ABO/IbI
MHUTAHMSA NIEKTPOJOB; 4 — TOKOMOABOJ JUIS MOAKIIOUCHUS XJI0p-
cepeOpsHOTO AIIEKTPOIa CPABHEHHUS; 5 — IOJBIDKHAS KapeTKa.

ONEeKTPONPOBOJHOCTh TUIEHKH 3JEKTPOJIUTa pac-
CUMTHIBaJIACh M0 3akoHy Oma. /[ uckiitoueHus mno-
JSIpU3alUU BJICKTPOJIOB U3 U3MEPSEMON BEITUYHMHbI
MaJeHUsl HAIPsDKEHUs MCIOJIb30Bajach CXeMa, Mpu-
BejieHHast Ha puc. 2. HanpsbkeHre n3Mepssioch Mex-
Iy OIHUM U3 pabOYMX DJIEKTPOJOB U XJopcepeopsi-
HBIM 3JIEKTPOJOM CPAaBHEHMS!, KOTOPBII IepemMera-
csl OT TOYKM M3MepeHHs 1 K Touke M3MepeHus 2.
IIpu mOCTOSIHHOM TOKE U MOCTOSHHOM MOJSpU3aLUU
ANIEKTPOJOB Takash CXeéMa I03BOJIA OLICHUBATh
TOJIBKO MAJICHUE HAIIPSKEHUS B AIEKTPOIUTE MEXKITY
JIEKTPOJAMH.

XC
HII

Puc. 2. Cxema m3MepeHHs INaJeHHS HANPSDKCHHS B IUICHKE
anektposmta. UII — cxematHuHoe 0OO3HAUYCHHE HMCTOYHUKA
HOCTOSIHHOTO TOKa; DS — amekrposiu3Has sdeiika (mokasaHa
LITPUXOM, TIOCKOJIbKY HE COICPIKUT KOPIyca KaK KOHCTPYKTHB-
Horo 3semenTa); XC — xjopcepeOpsiHbIid 3IEKTPO]] CPABHCHHS;
1, 2 — TOYKM M3MEPCHUsI IaCHUS HAMPSDKEHHUS B JICKTPOJIHTE.

TONIKHBL CIIOEB AJICKTPOJINTA, CTAOHIH3HPO-
BaHHBIX [IAB, a UMEHHO YEPHBIX MIEHOK, MBUIBHBIX
IUICHOK U TI€H, B 3aBUCHMOCTH OT UX CTPYKTYPbI H3-
MEpSIOT JINOO0 METOJaMH WHTEPPEpOMETPHH, JTHOO
OBICTPHIM 3aMOPAKMBAHUEM U TIOCIIEAYIOIIAM H3Me-
pEeHHeM TOJIIMHBI Cpe3a, JUOO0 MO 3JIEKTPOIPOBOI-
HOCTH WM DJEeKTpHuUecKoii emkoctu [15-17]. Tox-
IIMHY CJIOS JIEKTPOJIMTA B HAIIIEM CJIydae OI[CHUBA-
JU ONTHYECKHMM METOJOM [0 KOJHUYECTBY MHKOB
untepdepenuu mo popmysne (1) [18]:
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. [mk+2} M

2n?—sin’e’
rae O — TONIIMHA CJIOs; A — JJIMHA BOJIHBI CBETA;
M — KOJIMYECTBO NMUKOB MHTepepeHuru; N — moka-
3aTesib NpesIoMIIeHHs; O — yron mageHus cBeTa Ha
CJIOH DJIEKTPOJIUTA.
[Tokazarens mpenoMIIeHHs ONpeenseTcs Kak

n-An9 @
sinQ)
rae ) — yron mpenoMIICHHS CBeTa B TOHKOM CJIOE
AJIEKTPOIIUTA.

ITo nanueM [19], moka3aTens MPENTOMIICHUS TPH
temneparype 18°C mis Bomsl pasen 1,3329, mis
JUIMHBI BOJIHEI cBeTa — 589,3 HM.

CxeMa yCTaHOBKH JJIsl U3MEPEHHS TPHUBEICHA Ha
puc. 3. B kauecTBe HCTOYHHMKA KOTEPEHTHOTO M3Jy-
YEeHUSl KCIIONB30BAJICS Ja3ep C JUIMHOHW BOJIHEI
630 uMm. M3MepeHust NpoBOAKIM B OTPAKEHHOM CBe-
TE; YyBCTBUTENILHBIM DIIEMEHTOM CIYXUI (QOTOdIIE-
MEHT. Pe3ynbraThl U3MEPEHUIl PErucTpUpOBAIHUCH
KOMIIBIOTEPOM, MOAKIIOUEHHBIM K IH(PPOBOMY TIO-
TeHnuocTary. PamMka pacrofiaranach BEPTHKAIBHO.
VYrou najieHus Jdyva Ha IJICHKY B Pa3HBIX KCIIEpH-
MeHTax coctasisut oT 10 mo 45°.

Puc. 3. Cxema ONTHYECKOTO HU3MEPCHUS TOJUHBI INICHOK.

Bce akcneprMeHTHl MPOBOAMINCE IPH TEMIIEpa-
type 18°C. KonruecTBO ONpeneNeHuii JIeKTponpo-
BOJHOCTH Ul KXIOH TOJIIMHBI CJIOS COCTABIISUIO
HE MEHBbILE 5.

2. OKCIIEPUMEHTAJIBHASI YACTb
2.1. Onpeodenenue moawunvl c10e8 I1eKmposuUma

Tunmynas wHTEepdeporpaMma, MOJTyUeHHass Ha
siYeiiKe MepBOro TUMA JUIMHOM 7 CM C AJIEKTPOJaAMH
muamerpom 200 Mkwm, npuBeneHa Ha puc. 4. Kak
BUJIHO W3 PUCYHKa, KOJIMYECTBO MHKOB COCTABISET
11 (HeKOTOpBIX IKCIEpUMEHTax — 9), 4TO COOTBET-
CTBYeT TONIIUHE cnos 2,3+3,6 MKM.

0,03

0,025 A1

0,02 4

0,015 4

0,01 A

0,005 A

U T L) T T T T L]
0 5 10 15 20 25 30 T, ceK

Puc. 4. UurepdeporpamMmma K ONpeesiCHHIO TOIIIUHBI TUICHKH
Ha sYCHKe TUIIA paMKa.

[lo xonmudvecTBy MHMKOB Ha WHTepdeporpamMme U
MX YacToTe Obljla MOCTPOEHa 3aBUCUMOCTh M3MEHE-
HHS TOJILHUHBI cllos BO BpeMeHH (puc. 5). Tonkwmit
CJION 3JIEKTPOJIUTA Ha BEPTUKAIBHO OPHUEHTHPOBAH-
HOM gueliKe-paMKe YTOHBIIIAeTCs 3a CUET CTEKaHUS U
OpU JOCTUKEHUU ONPEIECICHHON MHHHUMAJIBHON
TOJIIIMHEI pa3pbiBaeTcsa. OOpaTHBIA OTCUET BPEMEHU
CYIIIECTBOBAHHUS CIIOS OT TOYKHM paspbiBa (Ha 33-if
CEeKYH[IE) TMO3BOJIICT C HEKOTOPHIM MPUOIMKEHHEM
TaK)Ke CYIUTh O TOJIIIMHE UCCIEAYEMBIX CIIOEB.

3500

&, HM
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Puc. 5. I3MeHeHne TOMIMHBI IUICHKH JJIEKTPONUTA, CTaOWIIH-
supoBanHOro [1AB, Bo BpemeHH.

Sluelika ¢ TIOJBUXKHON KapeTKOH pacroJiaraiach
TOPU30HTANBHO, YrOJN TaJeHWs CBeTa ObUT paBeH
30-45°. TIpu muee cinos 1 cM Ha uHTEphEpOrpamme
HACUUTHIBAJIOCH OT OJHOTO JIO TPEX MHKOB, a CJIOH
cymiectBoBai okono 10 c¢. ToyHO 3aperucTpupoBaTh
KOJIMYECTBO MMMKOB Ha HHTEpdeporpaMMe 0Ka3anoch
3aTPyAHUTEIBHBIM, TIOCKOJBbKY MpPU TEPEIBHIKCHUH
KapeTK! B CJI0€ YKUAKOCTH BO3HUKAIN WHTEHCHBHEIC
MOTOKH, BOJHBI, KOTOPBIE MCKaXKaTH HAaOII0JaeMyro
KapTuHy. Bpems MX yCMOKOSHHS MPUMEPHO PaBHS-
JIOCh BpPEMEHH CYIIeCTBOBaHHS cios. J[ns ykaszaH-
HBIX YCIOBHI paccumtanHas mo ¢opmyie (1) toi-
mmHa cocraBisuia 380+770 uMm. Pacuer TOMIIMHE
CJI0€B TO TpaduKy Ha pHUC. 5 TSI BpeMEeHH CyIIe-
cTBoBaHMs 1ieHkn 10 ¢ aeT MpUMEpHO TaKyIO XKe
BenuuuHy. [Ipu pacTskeHUH TUIeHKH OT 7 10 25 cM
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[OJIy4YuTh HHTEpdeporpaMMy He yAaioch. B aTux
YCIIOBHUSIX CIIOM 3JICKTPOJIMTA, CTAOMIN3UPOBAaHHBIC
ITAB, cymectBoBanu ot 4 1o 1,5 ¢. B nansom ciy-
yae UX TONIIKMHA ONpeaessuiach mo puc. 5. s yka-
3aHHOTO BPEMEHH TOJIIIMHA CJI0ost cocTaBisieT ot 150
1o 50 uM.

2.2. Onpedenenue 31eKkmponposooOHOCmu

Uzmepenne 00BEMHOH  3IIEKTPONPOBOIHOCTH
ruapokcuaa Hatpus ¢ nodaskoit JIC-10 ¢ momorrsio
MOCTOBOM CXEMBI MTOKa3ajo, YTO OHAa YMEHBIINIACh
¢ 19,8 0 17,4 Omm?. D10 MOKET GBITH CBA3AHO C
MOSBIICHUEM B DJIEKTPOJHMTE HEIIEKTPOIPOBOTHBIX
mutiesn JIC-10. U3mepeHue 3J1eKTpOIIpOBOAHOCTH B
IoCcKo# stueiike [12] mokaszano, 4to B ciioe Tiy6H-
HOW 1 MM OHa BbIlIe, YeM B 00BbEME 3JIEKTPOJIUTA.
Opnrako mpupocT 3((HEKTUBHON BETHMYUHBI YJIENb-
HOM 3JIEKTPOIPOBOTHOCTH BBIpoC Bcero B 1,1 paza
BMecto 1,5 pasa B anekrponute 6e3 ITAB [12]
(puc. 6, kpussie 1 u 2). Ckopee BCEro, yMEHbIICHHE
MIPUPOCTa AIEKTPOIIPOBOJTHOCTH CBSA3aHO C TEM, YTO
MoJieKyJibl IIAB BBIXOAAT Ha MOBEPXHOCTH AJIEKTPO-
JWTa U WX TOJSPHBIE YacTH YAaCTUYHO Pa3pyllaroT
YHOPSIOYEHHYIO CTPYKTYpPY MOBEPXHOCTHOTO CIIOSL.
IIpupoct n3MepsieMOl BEJIWYUHBL YIECIBHON BJEK-
TPONPOBOAHOCTH OOYCIIOBJIEH TEM, YTO IEPEHOC
3apsIOB UJICT MapayienbHo (MO KIACCHYECKOMY Me-
XaHU3My) M C TOpa3a0 OOJbIIeH CKOPOCTHIO BIOJb
MOBEPXHOCTH pazena ¢a3. B urore perucrpupyercs
HEKOTOpasi YCpeIHEeHHAsT BEIMYMHA AJIEKTPOIIPOBO/-
HOCTH.

K 4
i n ¢ u
.. L ]
100 5
10 = g.
3 "
l TTITIT T T T P 1 10T
1E-6 1E-5 1E-4 1E-3 0,01 0,1 1 10

g3, 8, MM

Puc. 6. 3aBUCHMOCTB DJIEKTPOIPOBOIHOCTH OT TOJIIMHBI CIIOS
anekTponura: 1 — M3MEpeHus MpU BJIEKTPOIHU3E B CIIOE 3JIeK-
TposuTa Tomuuaoi 1-10 mm Ge3 TTAB [12]; 2 — usmepenus npu
aneKTponu3e B cioe annekrponuta ¢ [IAB; 3 — usmepenus mo-
CTOBOM CXEMOH.

Pacyer 3neKTpONpPOBOMHOCTH MO  TaJICHUIO
HATPSOKSHUS] TPH SJICKTPOJIU3E B CIIOE TONIIHHOM
2,3+4,1 MKkM Ha sdelike-paMKe B Pa3HBIX JKCIIEPH-
MEHTaX JlaJl BEIMYMHY Kyop ~ 93+150 Om M. Usme-
pEHHUE CONPOTHBICHUS Ha MOCTOBOHM CXeMe IOoKa3a-

JI0 COM3MEPHUMYIO BEIHUUHY Kpos ~ 110+190 om*m™
KoadduiyieHT yBenuveHuss 3JIeKTPOIPOBOIHOCTH,
OnpeesieMbIli KaK OTHOIICHUE 3JICKTPONPOBOJIHO-
CTH B TOHKOM CIIO€ K 3JICKTPOIPOBOJHOCTH B 00be-
M€ 3JICKTPOJIUTA!

K =fen, ®3)

Kop

cocTtaBmI npuMepHo 6,4+11. Drta BemmumHa ONM3Ka
Kk npuBeneHHoit B [20], rae A MBUTBHBIX TUICHOK
3a(pUKCUPOBAHO YBEIMUYEHHE DIIEKTPOIPOBOIHOCTH
B 8 pas.

[MonmydeHHble pe3ysbTaThl JOCTATOYHO HEOXKH-
JTAaHHBI, TTOCKOJBbKY B MPEABLIYIINX SKCIEPUMEHTaX
3JIEKTPOTIPOBOAHOCTH, M3MEpPEHHas: MOCTOBOW CXe-
MO, BCETJ]a COOTBETCTBOBAJIA AIIEKTPOIPOBOTHOCTH
B 00BbEME IIEKTPOIIUTA.

3aBucuMOCTh KO3 uumeHTa  yBemMUEHUS
YAETBHON 3JIEKTPOIPOBOTHOCTH OT TOJIIIMHEI CIOEB
AJICKTPOJIUTA, TOJYUYEHHBIX B Pa3HBIX IKCIICPUMEH-
Tax, MokazaHa Ha puc. 6. [lockombky u3MepeHuUs
MPOBOAWJINICH B OONBIIOM [WANa30HE BETUYHH,
MPHUHATA JIOTapuPMHUUECKas IIKaJa.

N3mepenus Ha sguelike ¢ MOABUKHON KAPETKOU
C TIOMOIIBI0 MOCTOBOWM CXEMBI MMOKAa3alH, YTO MpHU
mmge cinost 1 cm u tommune 380+770 HM ero co-
MPOTHUBJICHUE B PA3HBIX HKCIIEPUMEHTaX KoJe0aaoch
B npezenax /70-860 OM. D10 o3HayaeT, 4TO y/eNb-
Has 3JEKTPONPOBOTHOCTH CIIOSI DIIEKTPOIUTA CO-
craBmsier 373-4980 Om ™ m™. Kosdduument ypemnu-
YCHUS AJICKTPOIPOBOIHOCTH COOTBETCTBECHHO PaBEH
194-245. M3mepeHuss B TaKOM TOHKOM CJIO€ DJIEK-
TPOJIUTA TIPH DJEKTPOJM3E MMOKA3AIU, YTO JUIS JUIN-
HBI ciost 1+7 c¢M B siUelike C TOJBUYKHON KapeTKou
ANIEKTPONIPOBOAHOCTh  cocTaBisier  2734-4540
Om™'M?, 4TO HOCTATOYHO GIM3KO K PE3yJIBTATAM,
MOJTyYEHHBIM Ha MOCTOBOH CXeMe.

Beuto Tarke mokazaHo, YTO TPHU OTOABUTAHUHU
KapeTKH OT mojoxenus 1 cMm 10 25 ¢M CommpoTHBIIe-
HHUE CJIOSl DJIEKTPOJINTa HE M3MEHSUIOCh, YTO CBHJIE-
TENBCTBYET O COXPAHCHHU TOCTOSIHHOHM ILIOMIaan
MOTIEPEYHOTO CEUYEHHSI IOCIEIHETO0 MEXIY DIIeK-
TpoaaMu. MOKHO CKa3aTh, YTO TOJIIUHA CJIOS dIIEK-
TPOJUTA B SYEHKE C KapeTKOH yMEHbIIanach Mpo-
MOPIIUOHAIBHO JITTHHE €€ PaCTsHKEeHUSI.

[IpuBenennnie Ha puc. 6 KpuBbIe 2 U 3 CBHUC-
TEIBCTBYIOT, YTO HPU YMCHBIICHUH TOJIIUHBI CIIOS
ANEKTPOIUTA OT 102 o 10° mMm mabmromaercs pes3-
KOoe yBenndeHue koddpumrmenTa mpupocTa dIeKTpo-
MPOBOJIHOCTH; MPHU JaJbHEHIIIEM YMEHBIICHUH TOJI-
IIMHBI CJIOS DJICKTPONPOBOJIHOCTh OCTACTCS MPH-
MEPHO TIOCTOSIHHOM. DTO TIO3BOJISIET MPEATIONIOKHUTh
W3MEHEHHE YCIIOBHMI MepeHoca 3apsiia B IUICHKaX
TOJIIIMHON MeHee MUKpomeTpa. Ecimu cuurtark, 4To
CTPYKTypa IUICHKH COOTBETCTBYET TPEXCIIONHON
mogmenu (ITAB-snektponur-ITAB), a mepenoc 3aps-
Jla IPOUCXOIUT MO0 KPOKETHOMY MEXaHH3MY, TO Pe3-
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KO€ YBEJIMYEHUE 3JIEKTPONPOBOJHOCTH JIOJKHO CO-
OTBETCTBOBATh YBEJINYCHHUIO CTPYKTYpHUPOBAHHOCTH
CJIOS BIIEKTPOINTA MeX Iy ciosimu [TAB.

[MomBoas WTOT NAaHHBIM Ha pHC. 6, MOXKHO OTMe-
TUTh, YTO C YMEHBIIEHHUEM TOJIIMHBI CIOS U YBEJIH-
YEeHHEM JIOJM TOBEPXHOCTH B IIEpEHOCE 3apsiaoB
KO3 UIIUEHT TTPUPOCTA YACIbHOW AIIEKTPOIIPOBO/I-
HOCTH JIEHCTBUTEIHHO BO3pacTaeT. JTO YyKa3bIBaeT
Ha aHOMAaJbHO BBICOKYIO 3JIEKTPONPOBOIHOCTH IIO-
BEPXHOCTU JJIEKTPOJIMUTA Ha TPAaHULE C BO3IYyXOM.
MOXHO Taxk)Xe OTMETUTh HEKOTOPOE MPOTHUBOPEUHUE
B MOJyYeHHBIX pe3ynbraTax. C OJHON CTOpPOHHI,
BBeaeHue [TAB B AIEKTPOIUT ¢ TONIIUHON CIIOS 1O
1 MM TOpPUBOIUT K yMEHBIICHHIO KO3(duimeHTa
IIPUPOCTa BJIEKTPOIPOBOAHOCTU IIPU DJIEKTPOJIN3E
ot 1,5 no 1,1. MI3mepeHuss MOCTOBO# CXEMOUH IPUPO-
CTa BJIEKTPONPOBOJHOCTH B TAKOM sUEHKE HE IOKa-
3p1BatOT. C IpyToi CTOPOHBI, B CIOSX TOJIIMHON 10
OJTHOTO MHKpOHA W MEHEeE W IPH JJIEKTPOJH3e, U C
HCIIOJIb30BAHUEM MOCTOBOM CXEMBI PETUCTPUPYIOT-
CsI aHOMAJILHO OOJIBIINE AICKTPOIIPOoBOIHOCTH. OfI-
HO3HAYHOTO OOBACHEHUs HaOIr0gaeMoMy SBICHHIO
y Hac MoKa HeT. B kauecTBe NpeaIonoKeHusT MOXKHO
BBICKa3aTh CJENYIOLIyI0 Bepcuio. B nmoctaTouHo
TOJICTBIX CJOSAX DJIEKTPOJIUTA C IOBEPXHOCTHIO,
ykpbiToit [TAB, neficTByroT (pakTopsl Kak yBeTH4H-
BAIOIIME CTENEHb CTPYKTYPUPOBAHUSI MOJIEKYJ BO-
IIBI, TaK U pa3pymiammue cTpykrypy. CTpyKTypHupo-
BaHUE IPUIOBEPXHOCTHHIX CJIOEB IPOUCXOIUT 3a
cueT M30BITOYHOM MOBEPXHOCTHOH 3Hepruu. Paspy-
aroT 00pa3yIoIIrecs: KIacTephl TETUIOBOE BHKE-
Hue U noJisipHele rpynnsl ITAB. B crnosx tonmuHoi
MeHee 1 MKM 3a c4eT BSA3KOCTH MHTEHCUBHOCTDH Tell-
JIOBOTO JBUKECHUSI CHHIXKAETCS M Pa3Mepbl CTPYKTY-
PUPOBAaHHBIX LIEMOYEK, 10 KOTOPHIM OCYIIECTBIIACT-
sl IEPEeHOC 3apsI0B, YBeIuurBaloTcs. B pesynbrare
YBEJIUYUBAETCS 3JIEKTPOIPOBOIHOCTh, PETHCTPUPY-
eMasi MOCTOBO CXEMOH.

Paboma evinonnenna npu noddepacke @onda ¢ynoa-
MEHMAnbHblX  uccredosanuti  Ykpauusi,  002080p
MNe @3.25/079.
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Summary

Electroconductivity of 1.5 N sodium hydroxide layers
stabilized by a surfactant was studied in terms of thick-
ness. The electroconductivity of films was evaluated by
two methods on DC and AC. The thickness was deter-
mined by interferometric methods. It was shown that at
the decrease of thr electrolyte thickness from 10 mm to
0.5 um the electroconductivity increases by 150-200
times, while, further, at the decrease of thickness to 50 nm
the electroconductivity remained approximately constant.

Keywords: water electrolysis, specific conductance,
cluster structure of water.
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KoMnakTHbIE 3JIEKTPOIHbIE€ CHCTEMbI HMITYJIbCHBIX
iekTporuapaBandeckux (II') ycraHoBOK

H. B. Crapkos

Hnemumym umnynvcuvix npoyeccos u mexuvonoauii HAH Yxpaunui,
np. Oxkmsobpockuil, 43-A, 2. Huxonaes, 54018, Vrpauna, e-mail: starkovnikolay@yahoo.com

BrInonHeH aHanu3 COCTOSHUS M Pa3BUTHUSA 3JEKTPOJHBIX cHcTeM B DI’ ycTaHOBKax MPOMBIIUIEHHOTO
Ha3HaueHHs. K 3TUM ycTaHOBKaM CEerofHs NpeabsBIISIOTCS TPeOOBaHUSA M0 YBEJINYECHUIO MOLTHOCTH U
BBICOKOI KOHIICHTpAIMX SHEPTHH NIPH OJHOBPEMEHHOM ITOBBIIICHUN HAJIS)KHOCTH pabOTHI AJIEKTPOI-
HBIX cucTeM. HeoOXonmMMo co3fjaHne KOMIAKTHBIX 3JIEKTPOIHBIX CHUCTEM, YTO MPEACTAaBISIET COOOH
mpo0iieMy, KOTOPYIO TIpeyUIaracTcsl pemarh MyTeM COBEPLIEHCTBOBAHUS KaK TEXHOJOTHYECKHUX IIPO-
reccoB D" 00pabOTKH, TaK M CaMHX JIEKTPOTHBIX CHCTeM. [IpHBOASTCSI KOHKPETHBIE IPUMEPHI ITPAK-

THYECKOTO PELICHUsI 3TOH MPOOIIEMBI.

Kniouesvie cnosa:
HAOEIHCHOCb.

umnyiec, yYcmanoexa,

YK 621.7.044:669.71

OnekTpoaHble cucTeMbl Ol yCTaHOBOK Ipe-
CTaBIIAIOT OO0 yCTpoiiCTBa, KOTOpPBIE padOTalOT Ha
3aMBIKAIONIEM YYacTKe pas3psSAHOTO KOHTYpa, TJe
MIPOUCXOANT NMPEeoOpa30BaHKE AIEKTPUICCKON SHEP-
T KOHACHCATOPHOW 0aTaped B YHEPTHIO TUIa3MEH-
HOTO KaHaja paspsja.

HanpHeimee mnpeoOpazoBaHue JTOM DJHEPTHH
HaNpaBJIEHO dYalle BCEro Ha IOJYYCHHUE B BOJC
MOIIHBIX yJapHBIX BOJH W THIPABINYECKOTO TOTO-
Ka, KOTOpPBhIE KaK HWHCTPYMEHT BO3JCUCTBYIOT Ha
00BeKT 00paboTku. K Takum mporeccaMm MOKHO OT-
HecTH JNe)OpMUPOBAHUE METAJIOB, pa3pylIeHHE
HEMETAIUTMYECKUX MaTepHalioB, BHOPAIIHOHHOE BO3-
JIEHCTBYE Ha pacIlIaBBI METAIIIOB U Jp. B aTuX mpo-
meccax DJIEKTPOAHBIE CHUCTEMBI BBITIONHSIOT TJIaB-
HyIO POJb B (JOPMHPOBAHWH YIAAPHBIX BOJH W THA-
PaBINYECKOTO TTOTOKA KUIKOCTH.

CyIecTByIOT HpOLECCH], B KOTOPBIX TpeOyeTcs
peoOpazoBaTh JHEPTUIO0 KOHACHCATOPHOW Oarapen
B DHEPIUI0 HU3KOTEMIIEpaTypHOU Iuia3smel. B Takux
Ipoleccax KaHaj pa3psjia caM BBICTYyIAaeT B POJIU
WHCTPYMEHTa, a OKPY)KalIas cpeia sSBISeTCS s
HEro OOBEKTOM BO3IEHCTBUA. POJb AJIEKTPOIHBIX
CHCTEM B ATHX IPOIIECCaX OTOJBUTACTCS HA BTOPOM
IUJIaH.

B Hacrodieil craTthe paccMaTpUBAIOTCS 3JIEK-
TPOIIHBIE CHCTEMBI, IPeIHA3HAYCHHEIC I pPabOTHI
B OIPaHUYCHHOM IMPOCTPAHCTBE, KOTOPOE CO3ACTCs
CTEeHKaMH DPa3psIHON Kamephl, 3alOJHEHHON KHI-
KOCTBIO, 1 OOBEKTOM 00pabOTKU. DTH 3JIEKTPOTHEBIE
CUCTEMBI OTJIMYAIOTCS KOMIIAKTHOCTBIO MCIIOJIHEHUS
U BBICOKOH KoHIeHTpanuel (cBbime 10 I[)K/CMS)
BBIJICTIIEMOM B pa3psiIHON KaMepe SHEPTHUU.

s monydeHus MakcuMmalibHOro 3ddekra mpe-
o0pa3oBaHUs HSHEPrHMHM KaHajga paspsaa B pabory
YAapHBIX BOJH W THIPABIMYECKOTO MOTOKA 00BEM
MIPOCTPAHCTBA, B KOTOPOM TPOUCXOAUT Pa3ps,

SHepeusi, paspso,

3/Z€Kmp0(), uzonsmop, Kamepa,

JOJDKEH OBITh KaK MOXXHO MEHbLIMM. Maiblii 00beM
pa3psIIHBIX KaMep MpeaycMaTphBaeT HCIOIh30Ba-
HUE B HHUX DJEKTPOAOB HEOONBIINX pa3MepoB, HO
CHOCOOHBIX IepeiaTh B OKPY)KaIOLIyIo cpeay 0oiib-
IIYI0 SHEPTHI0. DTHM OOBACHSAETCS HEOOXOIUMOCTh
CO3/IaHUSI KOMITAaKTHBIX 3JIEKTPOJHBIX CHCTEM, pabo-
TaIOMIMX NpH OONBIINX HArpy3Kax.

[lpr co3maHMM KOMIIAKTHBIX 3JIEKTPOIHBIX CH-
CTeM /sl yCIIOBHMA IJTA0OPAaTOPHOTO WM JSKCIEPH-
MEHTAIBHOTO MCIOJNB30BaHHs MpoliIeM, Kak MpaBu-
70, He Bo3HHKaeT. OHM MOSIBISIOTCA OT HUX, KOTJa
TpeOyeTcs MpoIOJKUTEIbHAS ¥ HeTlpephIBHAs pado-
Ta B cocTaBe DI yCTaHOBKH.

B mOpOMBINUIEHHBIX YCIOBUSX MPOJIOIDKUTEIb-
HOCTh W HEMPEPBIBHOCTh PabOTHI OMPEIEIIOTCS,
KaK mpaBuiio, 8-4acoBoii pabouell CMEHOH, Imocie
MOYXHO OCTaHOBHTH OOOpYJOBaHHE U 3aMEHUTH
3IIEKTPOJBL. YUYHUTHIBasE BO3MOKHOCTH COBPEMEHHBIX
OI' ycTaHOBOK HakamiuBaTh 3a 1-2 ¢ OOJBIIYIO
srepruto (1o 40 xJ[k), MOKHO MPEACTaBUTH, B Ka-
KHX YCJOBUSIX JOJDKHBI PabOTaTh KOMIIAKTHBIE
AJIEKTPOJTHBIE CHCTEMBI. DTO MPEXKIE BCETO BHICOKAs
TUHAMHYECKasl Harpy3Ka Ha BCE JIeTalli AIIEKTPOJIOB,
BO3/ICHCTBHE HAa HHUX JJIEKTPOMATHHTHOT'O M CBETO-
BOT'O U3JIyYeHHs, pa3pyliaromiee BO3AeHCTBIE KaBH-
TAIMOHHBIX TPOIIECCOB, CONMPOBOKIAIOIINX Pa3psiI B
JKUJIKOCTH, BBICOKas TeMIlepaTypa KaHaua paspsja,
NPUBOIAIIAS K DIEKTPHYECKOH SPO3UH TOKOIPOBO-
JIIAX 9acTeld U TEPMUYECKOMY pa3pyLICHHIO U30-
nsTopoB, u ap. Ko BceMy mepedncieHHOMY HyXHO
JI00aBUTh IMKIMYHOCTh TAKUX BO3IEHCTBHH, KOTO-
pas ¢ y4eToM BO3MOXHOCTH DI’ yCTaHOBOK MOXET
coctaBuTh 10 30 THICSY HArpyKCHHH 3a OTHY CMe-
Hy. OueBUIHO, YTO CO3/IaHNE HAJICKHBIX JIEKTPOI-
HBIX CHCTEM ISl TaKUX YCIOBHH pabOTBI CETOIHS
emie HeBO3MOXkHO. [lo 3Tolf mpuumHe 3amacaemMas
SHEPTHsl MPOMBIIIICHHBIX YCTAHOBOK C KOMITAKTHBI-

© Crapko H.B., DnexrponHas o6paborka marepuaios, 2014, 50(1), 115-120.
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HYTI/I ITOBBIIICHUSA
OKCILTyaTallMOHHBIX
XapPaKTCPpUCTUK
KOMITaKTHBIX
QJICKTPOJAHBIX CUCTEM

Konnenrpanms Hcnonb3oBanue BbICO- CoBepiIeHCTBOBaHHE
9HEPruu Ha OOBEKTE KOIIPOYHBIX MaTepua- KOHCTPYKLHUH
00paboTkH 6e3 JIOB 1 CO3/1aHUE HOBBIX KOMIIaKTHBIX
YBEJINYEHUS U30JIAIMOHHBIX JIEKTPOIHBIX
SHEPTHHU pa3psjia MaTepuaioB CHCTEM

Puc. 1. Cxema nyTeﬁ TNOBBIMICHUS SKCIUTYaTAllMOHHBIX XapaKTEPUCTUK KOMITAKTHBIX 3JICKTPOAHBIX CUCTEM.

MU 3JIEKTPOJAHBIMUA CHCTEMaMH MOKA HE MPEBBIIIACT
20 xJIx.

Henp HacTosimielt paboThl — MpOaHAIM3HPOBATH
MPOOJIEMHBIC BOIIPOCHI M MOKA3aTh BO3MOYKHBIC MY TH
WX PEUICHUS MPH CO3JaHHU DJEKTPOJHBIX CHCTEM
NpOMBIIUIEHHBIX O ycTaHOBOK.

Ha puc. 1 npexacraBneHa cxema myTei MOBBILIE-
HUSl JKCIUTyaTalMOHHBIX XapaKTEPUCTUK KOMIIAKT-
HBIX DJIEKTPOJIHBIX CUCTEM.

[lepBble OMBITBI TO CO3MAHUIO KOMIIAKTHBIX
JJIEKTPOJIHBIX CHCTEM MOXHO OTHECTH K Havamy
70-x roz0B mpoiioro Beka. Ha puc. 2 nzodpakeHa
aiekTpoaHas cucrema I mpecca ¢ 3amacaeMoit
sneprueir 10 x/Ix, paszpaboranHoro B WHcTHTyTE
HMITYJIbCHBIX TIpOLEcCOB W Texuojormii (MUIIT)
HAH Vkpaunst (B To Bpems — I[TIKB Dnekrporua-
pasiuku) [1].

_;_J

5 AN} 4

Puc. 2. Pa3psnas ronoeka DI mpecca ¢ KOAKCHaJIBHOW dJIEK-
TPOJHOW cUCTEeMOM: 1 — KOpIyC pa3psaHON TOJIOBKHU; 2 — TOKO-
BEAyLIMH CTep)KeHb, 3 — CMEHHBIH AMeKTpoA; 4 — paspsiaHas
Kamepa; 5 — COOpHBI H30IATOP.

PazpaboTunku 00OpynOBaHMS M TaKuUX OJJIEK-
TPOAHBIX CHUCTEM CTPEMHJIIMCH MOBBICUTD 3()(HeKTHB-
HOCTh TIpoLiecca IITAMIIOBKU 3a CYET YMEHBIICHHS
obbeMa paspsmgHOd Kamephl. Ho, d9T0OBI Makcu-
MaJlbHO €€ YMEHBIINTH, TOTPe0OBANIOCH YMEHBIIUTh
HanpspkeHue paspsza 1o 10 kB u ucnonb3oBaTh
JJIEKTPOAHBIE CUCTEMBI KOAKCHAIbHOrO Tuna. B pas-
pSIHOW Kamepe ObUTa TOCTUTHYTA NOCTAaTOYHO BBI-
cokast Ha To Bpems (1o 20 JIx/cm®) KOHUEHTparws
SHEPTUH, MO3BOJMBIIAS IITAMIIOBATH CTAJIbHBIC Jie-
Tajgu pasMepamu 10 750 MM IIpH OTHOCHUTEIHHO Ma-
JIBIX SHEPTUSX pa3psija.

B MOCJICAYOIIEM KOAKCHAJIIbHBIC JJICKTPOAHBIC
CUCTEMbI U KaMEpPBI Majioro o0beMa HAIId CBOE

pa3BUTHE B KOHCTPYKIIMM MHOTOXJIEKTPOJHBIX pa3-
psiasbix 6710k0B (MPB), mpennasHauenubix mist O
IITAMIIOBKH  KPYIMHOTAa0APUTHBIX TOHKOJIMCTOBBIX
neraneii (puc. 3) [2].

Puc. 3. CxemMa MHOTORJICKTPOJHOTO Pa3psSAHOTO OJIOKa.

KoakcuanbHble 31€KTPOAHBIE CUCTEMBI JECATKH
JIeT IPUMEHSUIUCH B 1IEJIOM TTOKOJICHUHU pa3paboTaH-
Heix B MUIIT OI' mpeccoB ¢ 3amacaemMoil sHepruei
20-40 ] u HampspKkeHneM paspsga 5-10 kB (mo-
nemu T1223, T1226, T1226A, T122656-10).

[TpoMBIIIIEHHOE HCIIONB30BAHUE ANEKTPUIECKO-
ro paspsia B KHIKOCTH IOCTaBWJIO Teper pa3pa-
0oTYMKaMu 3ajady TOBBIIICHUS MOIMHOCTH Ol
yCTaHOBOK. [ ocyIiecTBIeHHS TaKUX MPOLIECCOB,
KaK KaauOpoBKa TOJCTOCTEHHBIX O0O0JO0YEK, II0-
BEPXHOCTHOE YNPOYHEHHWE METaJIOB, MITaMIIOBKA
ABTOMOOMJIBHBIX KY30BHBIX JleTajeld U3 BBICOKO-
MPOYHBIX CTallell u Jp., TpeboBanack OONbIIas KOH-
HEHTpaIus dHepruu paspsga. Ha mpakTuke yxe cy-
[IECTBOBAIM TPOLIECCH], B X0/Ie KOTOPBIX HCIIOJIB30-
BaJM B 3aMKHYTOM WJIM YaCTUYHO 3aMKHYTOM O00Be-
M€ BBICOKOBOJIBTHBIM pa3psii B AKUJKOCTU C BHICOKOU
KoHIeHTpanuen sneprun. Tak, mpu OI" 3ampeccoBke
TpyO B TPyOHBIX pelIeTKax TEIUIOOOMEHHBIX arma-
paToB C MPUMEHEHNEM DIIEKTPOB3PHIBHBIX MATPOHOB
(OBII) [3] (puc. 4) KOHIEHTpAIHsI SHEPTHUH pa3psia
nocrurana 6-7 kJlx/cM’, 9TO yKe BINIOTHYIO MpH-
Oymxkano STOT mporecc K eOpMUPOBAHUIO C HC-
MOJIB30BaHHEM B3pBIBUATHIX BemiectB (BB). s
CpaBHEHHsI, SHEPTUsl B3pbIBA HAHOOJIEE TOIYJISIPHO-
ro B NPOMBILIUIEHHBIX TeXHOMOTUsX BB-TpuHHTpO-
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TOJIyOlIa C TUIOTHOCTBIO 1,6 r/cM® cocTaBisieT 0KoIIo
7 xJlx/em®. Bomee BhICOKas KOHIICHTpalus dHEPruu
XapakTepHa I TPOIECCOB Pa3pyIICHUS TOPHBIX
mopon ¢ umcnoib3oBanmeM Ol 3ddekra, roe ona
MokeT mocturars 10 KZ[)K/CM3.

\

NN

2 3 4 5

Puc. 4. DnexTpoB3phIBHON HaTpoH: 1 — IMOMMITHIEHOBHIH KOp-
nyc; 2 — Tpyba TermioooMeHHuKa; 3 — Boaa; 4 — TpyOHas J10CKa;
5 — B3pBIBatONMIICS IPOBOIHYIK.

OTH cBeJeHUS NPUBEACHBI IJIsi CPAaBHEHHUSI BO3-
MOJKHBIX YCJIOBUH pabOTHI 3JEKTPOIHBIX CHCTEM B
OI' ycraHOBKaX MPOMBIIUIEHHOTO HA3HAYEHUSL.

OueBUAHO, YTO YyBENUYEHHE KOHICHTPALMH
SHEPTUM TOJIBKO 32 CYET YMEHbIICHHS oObema pas-
PSIHOW KaMephl IpU Pa3psAAHOM HANPSIKEHUH 10
10 kB He pemano Bce Bompockl B O TEXHOIOTHSIX.
[IpenmymiecTBa Takux 3MEKTPOAHBIX CHCTEM HCUe-
3a]0M, Kak TOJNBKO OJHEprus paspsjaa JoCTuria
25 xJIxx u Oonee. OCHOBHOH NPUYWHOH DTOTO SIB-
JSUICSL caM TIpolecc pas3psaa, KOTOpPBIH C yBelude-
HHEM HEPrHH B MMITYJIbCE IPU OTHOCHUTENILHO HM3-
KOM pa3psiIHOM HampsDKEHUH CTaHOBUIICS Bce Ooiiee
pacTSHYTHIM BO BPEMEHH U MEHEe TUHAMUYHBIM.
Ot0 oTpaxkanock Ha 3((GEKTUBHOCTU MpoLecca, KO-
TOpast IPXU 3TOM HEYKJIOHHO CHUKAJach.

Tak, HampuMep, NPOBEICHHOE CpaBHEHHE pado-
o1 OI' mpecca monenu T1226 b B npouecce mram-
MOBKM KOHMYECKHX THHMII [T0Ka3ajo, YTO B OJHOW M
TOW e pa3psAHOW KaMepe CyMMapHbIe 3aTpathl
SHEPTUH I MOJIY4YEeHHUs] OANHAKOBOM TTyOMHBI BBI-
TSOKKHU JIETalli TIpU HarpsbkeHuu paspsana 50 kB Ovi-
Jii B 2 paza MeHbIuMH, 4eM npu 10 kB. D10 00bsic-
HSIETCS T€M, YTO TPH OoJiee BHICOKOM HANPSHKEHUH
paspsna yBeIMYHBACTCS AJMHA IPOOUBAEMOT0 MEXK-
NIEKTPOAHOTO IMPOMEKYTKAa M 3HAYUTEIBHO O0JIb-
Iasi 4acTh SHEPTUU KOHAEHCATOPHOW OaTapew Mo-
JKET BBIIENUTHCS B paspsaHoil kamepe. C yBenuue-
HUEM Pa3psiAHOTO HampsDKEHWS W [UIMHBL KaHaja
paspsala KOaKCHaJIbHBIE Pa3psiiHbIE yCTpOMcTBa IO-
TEpSUIM CBOW NPEUMYILIECTBA, TAK KaK HE MOTJIU CO-
XpaHUTh MaJbli 00BEM pa3psIHBIX KaMmep H3-3a
YBEJIHUYEHHUA Pa3MEPOB H30JSTOPOB 3JIEKTPOMIOB.
Kpome Toro, mpu cBoeil 0ceBOil CUMMETPUM OHH
CO3[aBajli HECHUMMETPHYHBIA MO OTHOIICHHIO K
00BeKTy 00pabOTKH WCKPOBOW paspsia, UYTO IIPH

YBEIMUEHUH SHEPTUH paspsia IS MHOTHX TEXHO-
JIOTHYECKHX MPOLIECCOB OBIJIO HEMPUEMIIEMBIM.

Takum 00pa3oM, KOAKCHAIBHBIC 3IEKTPOIHBIC
CHCTEMBI ¥ HU3KO€ HaIPsDKEHUE paspsiia He PelIiii
npoOieMy co3/laHusl MOIIHBIX AJIEKTPUYECKUX pas-
PSAZOB C TMOBBIIICHHON KOHIEHTpAIMEH JHEPrHU B
paspsinHoit kamepe. Kak yxe oTMedanocs, mpodiema
9Ta 3aKI0YacTCsS B 00eCIIeUeHUH TUTEIIEHON U 3¢-
(eKTUBHOM PabOTHI AIEKTPOTHBIX CHCTEM B 3aMKHY-
TOM TIPOCTPAHCTBE Pa3psSAHON Kamephl MpH OOJb-
VX YHEPTUAX pa3psija.

OddexruBHOE TpeoOpasoBaHue OOJBIIONH PHEP-
UM pa3psfa B Pa3psIHOW KaMepe CTalo BO3MOXK-
HBIM OJarofapsi WCHOJB30BAHUIO JIMHEHHOW CHCTe-
MBI 3JIEKTPOJIOB, B KOTOPOIl J[Ba 3JEKTPOJAa MPOTH-
BOCTOSIT APYT IPYTY U PACCTOSHUE MEXKIY HHUMU
MOJKET M3MEHATHCS B 3aBUCHMOCTH OT MapaMeTpoB
paspsama [4, 5]. YBenuuenue pabodyero HampsKEHMs
paspsiga o 50 kB mo3BONHIO OCYIIECTBISATH HCKPO-
BbIe paspsapl mHOM 10 100 MM ¢ BeIcOKOH A dek-
TUBHOCTHIO. [IpM HE3HAUWTENHPHOM yBENWYECHUU
o0bpemMa pa3psAHOI KaMepbl U UCIOIB30BAHUH KOM-
NaKTHOU JTMHEWHON AJNEKTPOJHOU CHCTEMBI SHEPIUsl
paspsina nosermaercs 10 60 k/[x.

OCHOBHBIM TIPETSITCTBUEM ISl CO3TaHMS HAJEK-
HBIX KOMITAKTHBIX AJICKTPOJHBIX CHCTEM KakK KOaK-
CHAITBHOTO, TaK M JIMHEHHOTO THIIA SBIISETCS HU3KUAN
pecypc paboTBl M30JIATOPOB 3ekTpona. Hambormee
MOAXOMSIIAM MATePUATIOM ISl WX H3TOTOBJICHHS
MPHUHATO CYUTATh MOJUITUIICH, KOTOPBIA OTIMYACT-
Csl JIyYIINM TI0 OTHOUICHHWIO K JIPYTHM IMOJIUMEpaM
HabOpOM CBOWCTB — OT MEXaHHYECKOW M JUDJIEK-
TPUYECKON MPOYHOCTU 10 CTOMMOCTU H30JSATOPOB.
Ho, xak 000 W3ONSAIMOHHBIA MaTepuall, OH II0
MEXaHWYEeCKIM CBOWCTBAM HE MOXKET CPaBHUTHCS C
MeTaJUZIaMH ¥ JPYTUMHU MPOYHBIMH MaTepUaiaMHu,
KOTOpBIe 00OpabartkiBatoTcs B JI' ycTaHOBKaxX C mpH-
MEHEHHEM KOMIAaKTHBIX 3JIEKTPOIHBIX CHCTEM.

Cremyer OTMETHTh, YTO CaMbIil JTyqIIUN W30JIsI-
IUOHHBIA MaTepHan WM caMasi yJadHas KOHCTPYK-
U1 U30JISATOPOB IEKTPOAOB HE MOXKET CIENaTh €ro
pabory ©Oe3orkazHoil. Lluknmyeckne Harpy3ku B
ANEKTPOJIHBIX CHUCTEMax pa3pyllaloT BBICOKOIMPOY-
HBIE METaJUIbl, HE TOBOPS yke o mommMmepax. Ilo-
3TOMY MPOOIeMa CO3/IaHuUs HAIeKHBIX DJIEKTPOITHBIX
CHUCTEM TpeOyeT KOMIUIEKCHOTO PELICHHS C y4eTOM
BCEX 0OCTOSTEILCTB MPOSKTUPOBAHUS U peaTH3aliy
TEXHOJIOTHYECKOTO MPOIecca.

[Ipesxxne Bcero Hy>KHO MPABWIBHO OLICHUTH He-
00XOJMMYIO CTEIICHh KOHIICHTPAIIUU SHEPTHH B pas-
PAIHON Kamepe M PelInTh, KaKuM 00pa3oM oHa Mo-
JKeT OBITh HOOCTHUTHYTa. Ecim moHTH 1Mo IyTH
YMEHBIIIEHUSI 00beMa KaMepbl M YBEIUYCHUS dHEP-
THUH pa3psiia, TO Pe3ylbTaT C BBICOKOW CTEMEHBIO
BEPOSATHOCTH OKAXKETCSI OTPUIATETHHBIM H JJIEKTPO-
Il He o0Oecrevyar HopMaibHyI0 padboTy DI ycraHoB-
KH.
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Puc. 5. PaspsamHble KaMepbl C KOHIGHTpauueil SHepruu Ha oObekre 00paboTku: (a) — C HCMONB30BAHHEM OTPAKATEIIS:
1 - zaroroBka; 2 — marpuua; 3 — orpaxarens; (6) — ¢ MPOQUIMPOBAHHEM BHYTPEHHEW MOBEPXHOCTH DPa3psAHON KaMepbl:
1 — paspsionast kamepa; 2 — 3J€KTpox; 3 — mpoGWIbHBIA Hacamok; (B) — C METaHHEM JKMAKOCTH UIS NMPOGHBKHM OTBEPCTHIL:
1 — pa3psiBaromasicss MeMOpana; 2 — BO3IyIIHAsI [TOJIOCTh; 3 — 3aroToBKa; 4 — Marpuna; (r) — ¢ MeTaHUeM XHUIKOCTH T HOPMOBKU
KOJIbLEeBOro Oypra: 1 — 3aroToBKa; 2 — MaTpHIa; 3 — BO3IYIIHAS IOJIOCTb.

Konnentparmro sHeprun menecoodpasHee co3ia-
BaTh HE BO BceM OObeMe pa3psaHON KaMmepsl, a
HETOCPEJICTBEHHO Ha 00beKTe 00pabOTKH, U TOrna
BO3MOXXHOCTH KOMITAaKTHBIX JJIEKTPOJTHBIX CHCTEM
3HAYHUTENILHO paciupsitorcs. Jlocturaercst 3To pas-
HBIMH MyTAMH, B TOM YHUCIIE!

— C UCTOJIB30BAaHUEM CITEIIUABHBIX OTpajkaTenen
IpH pasgade TpyOuarsix petaneii (puc. 5a) [1];

— npoUIMpOBaHUEM BHYTPEHHEH MOBEPXHOCTH
pa3psAaHON KaMepsl JUIsl OCYIIECTBICHUSA CTPYUHOU
OI' o6pabotku (puc. 56)[6];

— METaHWeM >KUIKOCTH I MPOIECCOB MTPOOMBKH
otBepcTuit u popmoBku aeraneii (puc. 58,r) [1].

Bo3MOXHBI Ipyrue TEXHUYeCKUe pelieHus KOH-
MEHTPAIK SHEPTUH Ha OOBEKTe 00pabOTKM M WX
KOMOHWHAIIHH.

[lpu co3maHuM KOMITAKTHBIX 3JCKTPOJHBIX CH-
cTeM H pa3paboTKe H30IATOPOB JJIEKTPOAOB TpeOy-
€TCsl TIIATEIBHO MOJXOJUTh K OIEHKE HaIPsKEHHO-
JIe(OPMUPOBAHHOTO COCTOSIHUS KaXKI0H JeTaNu.

OdeHp yacTo mpu paboTe YCTAaHOBKH pa3HbIE Jie-
Tl BJICKTPOJA, W TPEKIE BCEro H30ATOPHI (Kak
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caMmbie cia0ble 3BEHBS IJIEKTPOIA), HAXOIATCA B
CJIO)KHOM HAIIPpAKECHHOM COCTOSAHHUH. Bbonee TOrO,
OJlHA M Ta XK€ JETajbh Ha PAa3HBIX yYacCTKaX MOXKET
[TO/IBEPTaTHCS OJHOBPEMEHHO CIKATHIO, PACTIKEHUIO
1 m3rudy. DTO PE3KO CHIDKAET pecypc pabOTHI TaKo-
ro m3onsTopa. HeoOxomumo myTem pasnieneHus 3To-
0 HW30JIATOpa Ha HECKOJNBKO JeTajeil IMpHBECTH
KOKIyl0 W3 HUX K YCJIOBHAM pabOTHl TpH Oojee
NpOCThIX Harpyskax. [Ipu 3TOM cienyer mOMHUTB,
YTO TOJMMEPHbIE MaTepHaibl, B YaCTHOCTH TOJH-
STHIIEH, paboTalOT OYeHb XOPOIIO NMPH BCECTOPOH-
HEM CXaTWH, XyXe — MpPH H3rude U TUIOXO — MpH
PaCTsDKECHUMU.

Takoe pa3zeneHre U30JIATOpa Ha OTACIBHBIE Jie-
TaJln IMO3BOJIACT U3roTaBJIMBATh UX M3 Pa3HBIX HU30-
JSIUOHHBIX MaTepPUaJIOB B 3aBUCUMOCTH OT TOTO,
KaKyl0 Harpy3Ky OJTOT MaTepuan BBIIepPKHABaET
JydIIe.

Pazpsonas 1 2
Kamepa |
\

Puc. 6. DnekTpox KOMIIAKTHOH >JIEKTPOJHON CHCTEMBI C CO-
CTaBHBIM H30JATOPOM: 1 — M30JISALMOHHBII HAKOHEYHHK (IIOJIH-
9TUIICH); 2 — U30JLILOHHAS BCTaBKa (IIOJMATHIICH); 3 — TOKOBE-
IyLil cTepkeHs (cTanb); 4 — BHYTpeHHHH n30isTop (Iojmype-
TaH); 5 — HapyKHBIN U30JIATOP (CTEKIOTEKCTONHT); 6 — CTSKHOIM
OonT; 7 — raiika KperIeHHs JIeKTpoAa; 8 — HaXXUMHON (hiaHer
(CTEKIIOTEKCTOIMT).

P
1 xamepa 7

Puc. 7. DnekTpon ¢ cOCTaBHBIM H30JIITOPOM TpyOuaroil dop-
Mbl: 1 — M30JIALHOHHBINH HAKOHEYHHUK; 2, 3 — BHYTPEHHHUE U301~
TOpHI TEepeaHue; 4 — aMOpTH3aTOp; 5 — HaPYKHBIH H30JIATOD;
6 — TOKOBeOyImHMi CTEpX,EHb, / — HM30ALUOHHASA 000JIOUYKa;
8 — BHyTpeHHUIT H301ITOp 3aHMI; 9 — KOPITyC JIEKTpOAa.

Ha puc. 6 mokasaH 35eKTpo; KOMIAKTHON 3IeK-
TPOAHOM CHUCTEMBI, B KOTOPOM HCHOJIb3yETCS CO-
CTaBHOW M30JISITOP, U3TOTOBJIEHHBIA U3 Pa3HBIX U30-
JSIIIMOHHBIX MaTepuanos [7].

OnHMM W3 BapHAaHTOB WCIONHEHHS TAaKUX 3JIEK-
TPOJOB MOXET OBbITh KOHCTPYKLHA, U300pakeHHas
Ha pHC. 7, B KOTOPOH BHYTPEHHSS 4acTh M30JIATOPA
M3TOTAaBIMBACTCS M3 HECKOJIBKHX JeTajei, MMero-
mux TpyoUaryio gopmy [8].

[Ipocrass ¢opma gerameli MO3BOISIET pabOTATH
3NEKTPOy C OONBIIMMU JUHAMHYECKUMH Harpys-
KaMu. Matepuall H30I9TOPOB MOKHO NOAOUPATh 1O
€ro CBOICTBaM M NPUTOJHOCTH Ui pabOTHI C KOH-
KpeTHOW Harpy3koi. [Ipu mpaBmiIsHOM BBEIOOpE pas-
MEpPOB TPYOUaTBIX H30JIATOPOB I WX HM3TOTOBIIE-
HUSl BO3MOXXHO HCITOJIb30BaHUE TMOIUMEPHEIX TPYO,
BBIITYCKAaEMBIX MPOMBIIIICHHOCTHIO U PA3InIHOTO
Ha3Ha4YCHU.

BBIBO/IbI

Pa3paboTka KOMITAKTHBIX AJIEKTPOTHBIX CHCTEM
OI' ycTaHOBOK I OONBIIMX DHEPTUH paspsma —
JIOCTaTOYHO CIIOXKHAs TEXHHYECKas 3a/1a4a, KOTopast
JIOJDKHA PEIIaThCs OJHOBPEMEHHO IO HECKOJIBKUM
HanpaBneHusiM. Co3/1aHue HOBBIX BBICOKOTPOYHBIX
MOJTMMEPHBIX MaTepHajoB s WX NpPUMEHEHHs B
CrielM(pUUECKUX yCIOBUAX paboTel D' ycTaHOBOK —
JUTHTEIBHBIN TPOIIecC, KOTOPBIH, Cy/As IO JTOCTHXKE-
HUSM B 3TOM 007acTH, B OipKaifiiee BpeMst HE CMO-
KET YIOBJIETBOPUTH MOTPEOHOCTh IPOMBIIIIEHHO-
CTH B TaKUX MaTepHaax.

Jlns mosyyeHus BBICOKOW KOHIIEHTpAIlUU JHEp-
THHA B 3aMKHYTOM IIPOCTPAHCTBE Pa3psAHBIX KaMmep
OI' ycTaHOBOK HEOOXOJMMO HCIIONIB30BATh TEXHOJIO-
TUYECKHAE CXEMbl KOHIEHTpAIlMH SHEPTHH pa3psaa
Ha 00BEeKTe 00pabOTKH, a HE BO BCEM 0ObeMe pas-
PSAIHOU KaMepBl.

Hapexxnocte u pecypc paOOTBI KOMIAKTHBIX
ANEKTPOTHBIX CHCTEM MOXHO YBEIHYHUTH C TIOMO-
IIBI0 COCTaBHBIX H30JISTOPOB DIEKTPOJA, JETaH
KOTOpOro pabOTalT MpH HArpy3kax, HE BBI3BIBAIO-
IIMX X YCKOPEHHOTO paspyuierus. @opma u mare-
puyaln 3TUX JeTaleil TakKe MOTYT yBEJIUYUTh pecypc
X paboThl, a 3HAYUT, TIOBBICUTH HAJIEKHOCTh BCEH
OI" ycTaHOBKH.
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Summary

The analysis of the state and development of electrode
systems in industrial electrohydraulic (EH) plants is car-

ried out. These plants should meet the contemporary re-
quirements of power increase and high concentration of
energy while simultaneously increasing the electrode sys-
tem operation reliability. Fabrication of compact electrode
systems is necessary but challenging this problem is pro-
posed to be solved by improving both technological pro-
cesses of EH treatment and electrode systems. Certain
examples of practical solutions of this problem are out-
lined.

Keywords: pulse, installation, energy, discharge,
electrode, insulator chamber, durability.
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