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Abstract. The effect of oxide films on the corrosion resistance of iron in the presence
of chloride ions was investigated. A two-layer model was developed to describe the
growth and degradation of protective oxide films, accounting for the formation of an
inner FesOa layer and an outer Fe2Os layer, as well as their dissolution in an aggressive
environment. The inner Fe;Oa layer was considered a barrier layer, while the outer
Fe20; layer was assumed to limit the penetration of chloride ions toward the inner layer.
The model accounts for the competition between oxide-film growth and dissolution,
the decrease in film growth rate with increasing thickness, and the effect of chloride-
ion concentration on oxide dissolution. To describe the barrier effect of the outer Fe.Os
layer, an exponential decrease in chloride-ion concentration during penetration toward
the interface between the oxide layers was assumed. The corrosion rate was determined
using a phenomenological relationship based on the total oxide-layer thickness. The
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model was implemented in COMSOL Multiphysics 6.2. Numerical simulations were
performed to investigate oxide-film growth and changes in the corrosion rate of iron
at Cl” concentrations of 0, 0.001, and 0.02 M. The results demonstrate that, in the
absence of chloride ions, the oxide film undergoes continuous growth, accompanied
by a gradual decrease in corrosion rate and the formation of a stable passive state. At
a Cl” concentration of 0.001 M, oxide-film growth is maintained; however, dissolution
becomes more pronounced, particularly in the outer Fe.Os layer, resulting in reduced
protective efficiency. At 0.02 M, oxide-layer growth is substantially suppressed,
while degradation becomes more pronounced, accompanied by a higher corrosion
rate. Comparison with published numerical models showed qualitative agreement
in the main corrosion trends. The results confirm the critical role of the outer oxide
layer in limiting chloride-ion transport and provide a basis for assessing passive-film
degradation and predicting the corrosion resistance of iron-containing materials in
chloride-containing environments.
Keywords: corrosion, oxide films, passivation, COMSOL Multiphysics
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AnHoTanus. XJIOPUA-UOHIAPIBIH OKCHUATIK KAOBIKIIANAPABIH TY3UIyl MEH
TYPaKTBUIBIFbIHA, COHJAAH-aK TeMIpAiH OelTapam >KoHE OJICI3 CUITLI opTalapiarsl
KOPPO3USUIBIK TO3IMIUNIrHE ocepi KapacThIpbUiabl. JKYMBICTBIH Makcarbl — TeMip
OeTiHle OKCUATIK KabaTTapAblH 6Cyl MEH epy MPOIEeCTepiH CaHABIK MOACIBILY KOHE
Cl” KOHIIEHTPAIUSCHIHBIH KOPFaHbIII KAOBIKIIACHIHBIH KaJIbIHIBIFbIHA )KOHE KOPPO3HS
KBULIAMBIFbIHA dcepiH Oaranay. [laccuBreny npouecrepin cunarray yurid FesOa imki
0ereTTik KabaThIHAH JKOHE arpecCUBTI OpTaMeH jkaHacaThiH Fe2Os ChIPTKBI KabaThIHAH
TYpaThIH €Ki KaOaTThl MOJENb KONJIaHBUIABI. Momens OKCHATIK KaOaTTapablH ecyi
MEH epy MPOLECTePiHIH 63apa 0ICEKENIECTIrH, KaObIKIIA KaJIbIHIABIFEl apTKAaH CailbiH
OHBIH 6CY JKbUIJITAMIBIFBIHBIH OasysiayblH )KOHE XJIOPHI-UOH/IAP KOHIICHTPAIUSChIHBIH
epy KbUIIaMAbIFbIHA ocepiH eckepeni. Fe2Os chIpTKbl KaOaTbIHBIH OOreTTiK dcepiH
ecenke any ymriH Cl” mOHmapbIHBIH KabaTTap IeKapachblHa €Hyi Ke3iH/Ie oJapablH
KOHIICHTPAIMSChIHBIH ~ OKCIOHEHIIHAbI TYPAEC TOMEHACYl Typajbl MOJACIbIIK
OomkaM KaObULIaHIbl. KOppo3us >KbUIIAMIBIFBI OKCHUITIK KadaTTapiblH KaJIibl
KaJIBIHJBIFBIHA TOyelal (DEHOMEHONOTHSUIBIK OalaHbIC HETI3IHIE aHBIKTAJIbI.
Ecenteynep COMSOL Multiphysics 6.2 OarmapmaManblK KemIeHIHAE YII Karmaiaa
KYPri3iami: xjopua-uoHgapbl OonmMaran ke3me, Cl konuentpanmscer 0,001 M
xoHe 0,02 M OosraH karnmainapaa. XJIOpPHICI3 OpTaja OKCUATIK KaOBIKIIaHBIH
TYPaKThl TYPHAE OCETiHI aHBIKTAJAbl, OYJ KOPPO3Ms >KbUAAMIBIFBIHBIH OipTiHIeH
TOMEHJICYiIMEH JKOHE TYPaKThl IMACCHUBTI KYWIIH KaJlblITacybIMeH Karap xypexi. Cl-
kxoHteHTparusiacel 0,001 M Gonmranga KaOBIKIIAHBIH ©CYl CaKTaJFaHBIMEH, ocipece
Fe2O; cpIpTKBI KabaThIHAA epy TPOLIECTEPiHIH YIIECl apThII, OHBIH KOPFaHBIII THIMALIIT
temenneiai. Cl- xonuentpanuscel 0,02 M OonFaHAa OKCHITIK KabarTapablH ecyi
afKbIH TEKEINII, OJIAPbIH Jerpadalusichl KylIeleal KoHe KOPPO3HS KbUIIaMIBIFbI
apragel. JKapusutanraH CaHIBIK MOJIENBAEPMEH JKYPTi3UITeH CajbICTBIPY HETi3Ti
3aHJIBUIBIKTAP/bIH  CalajblK TYPFBIIAH COMKEC KEJETIHIH KepceTTi. AJIbIHFaH
HOTHXKEIIEp CHIPTKbI OKCUATIK KabarThlH Cl- MOHIApBIHBIH TachIMaJbIH IIEKTEYAET]
eIy POiH pacTalasl >KOHE TMAaCCHBTI KaOBIKIIAHBIH JETPajalus IopEKeCiH,
OHBIH KOPFAHBIII KACHETTEPIiHIH ©3TrepyiH, COHAal-aK TeMIpAiH XJOPUATI OpTamarbl
KOPPO3USUIBIK TO3IMALTIITIH OaFaiayFra MYMKIHIIK Oepei. 3epTTey HoTHKeNnepi XIOpUATI
opTranapaa manigalaHbUIATBIH TEMip HETi3iHAeri KOHCTPYKUMSIIBIK MaTepuaiaapablH
KOPPO3HSUIBIK TYPAKTBIIBIFBIH O0IDKAy, KOPFAHBIII KabaTTapIslH THIMAUTIITIH Oaramay
JKOHE Talilaany JKaFraaiiapblH OHTaWIaHAbIPY YIIIH KOJJTaHBUTYBI MYMKIH.
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AHHOTanusi. PaccMOTpeHO BIUSHHE XJIOPHI-MOHOB Ha (QopMuUpoBaHHE WU
YCTOHYMBOCTh OKCHJIHBIX IUIEHOK, a TakK€ Ha KOPPO3MOHHYIO CTOMKOCTH JKeie3a
B HEUTpaJIbHON M clabouienouHoi cpenax. llenpio paOOThl SBISICTCS YMCICHHOE
MOJIEJIMPOBaHKE MPOIECCOB POCTA M PACTBOPEHHSI OKCHIHBIX CIIOEB Ha TTOBEPXHOCTH
KeJe3a, a TAKKe OlICHKa BIUSHHS KoHIeHTpanuu Cl™ Ha TOJNMHY 3alIUTHON IUICHKH H
CKOpPOCTHKOPPO3UH. /|15t omucaHus mpo1iecCoB MacCrUBalliy UCTIOIB30BaHA IBY XCIIOMHAS
MOJIelTb, BKITIOUAIONIast BHYTpeHHUH OaphepHbiid cnoi FesO4 n Baemnuii cnoit Fe20s,
KOHTAaKTHPYIOUIMIA C arpecCUBHON cpenod. Mojenb YUYUThIBAET KOHKYPEHIIMIO
MIPOLIECCOB POCTa M PACTBOPEHUS OKCHUIHBIX CIIOEB, 3aMe/JIEeHHE POCTa TUICHKH I10
Mepe YBEIMUYEHHUs €€ TOJIIMHBI, a TakKKe BIHUAHHE KOHLEHTPAIMH XJIOPUI-MOHOB
Ha CKOPOCTh pacTBOpeHus. J{isi yuera GapbepHOTO JeicTBUsI BHEIIHETo ciosi Fea0s
MPHHSTO MOAEIHHOE JIOMYIIeHHE 00 SKCIIOHEHIIMAaTLHOM CHHYKEHUH KoHIIeHTparuu Cl-
MIpH MIPOHUKHOBEHUH XJIOPHJI-MOHOB K TPAHUIIE MEXTY CIOsIMU. CKOPOCTh KOPPO3UHU
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ompefensjach Ha OCHOBE (PEHOMEHOJIOTHYECKOW 3aBUCUMOCTH OT CyMMapHOH
TOJIIIMHBI OKCUAHBIX CJIO€B. PacueThl BBINOJIHEHBI B IPOrPAMMHOM KOMILJIEKCE
COMSOL Multiphysics 6.2 mis Tpex yciIOBUH: MPH OTCYTCTBUU XJIOPUI-HOHOB, a
takxke npu konueHTpanusx Cl- 0,001 M u 0,02 M. YcranoBieHo, 4To B 6eCXJIOpUAHOM
cpele MPOUCXOAUT YCTOWYMBBIM POCT OKCHUIHOW IIJIEHKH, COIPOBOXKJIAIOLIUICS
MOCTENIEHHBIM CHIDKEHHEM CKOPOCTH KOPPO3MHM M (OPMHUPOBAHHEM YCTOHYHMBOTO
naccuBHOTO coctosiHusL. [Ipu xoHuenTpauuu CI- 0,001 M poct miaeHku coxpaHsercs,
OJTHAKO BO3PACTaeT PoJib MPOLIECCOB PACTBOPEHHMsI, 0COOEHHO BO BHelIHeM cioe Fe20s,
BCJIEJCTBHE Yero CHMKaeTcs 3amuTHast 3QdekTuBHOCTD ieHkd. [1pyu koHIeHTpanuu
CI” 0,02 M nHabmionaroTcsi BEIpa)KeHHOE MOAABICHUE POCTa U YCHIICHHE Aerpajalun
OKCUJIHBIX CJIO€B, COIPOBOXKJAIOIIMECS TOBBIIIEHHEM CKOPOCTH  KOPPO3HUH.
ComnocraBiieHHEe TIONYyYEHHBIX Ppe3yJbTaTOB C OMyONMKOBAaHHBIMH YHCICHHBIMU
MOJIEISIMH  TIOKa3aJl0 KayeCTBEHHOE COOTBETCTBHE OCHOBHBIX 3aKOHOMEPHOCTEH.
[TonydeHHbIe pe3ynbTaThl MOATBEPKIAAIOT ONPEAEIAIONIYIO POJIb BHEIIHETO OKCHUIHOTO
ciost B orpanndyeHuu neperoca Cl” M MO3BOJISIIOT OLIGHUTH CTEMEHb ACTpajalun
[ACCUBHOM IUIEHKH, M3MEHEHHE €€ 3alllUTHBIX CBOMCTB, a TaKXe KOPPO3HMOHHYIO
CTOMKOCTB JKeJle3a B XJIOPUACOAEpKAIUX CpeIax.

KulwueBbie ciaoBa: koppo3us; OKcuaHble IUieHkH; mnaccuBauusg,; COMSOL
Multiphysics

BBenenne. Kopposust MeTamioB ocTaeTcsi OAHON U3 OCHOBHBIX IPUYHH CHIDKCHHS
HaJEKHOCTH M JONTOBEYHOCTH MPOMBIIUIEHHOTO 000PYJOBaHUS U KOHCTPYKIMOHHBIX
marepuanioB (Marcus et al., 2020). OgHUM U3 ITIaBHBIX MEXaHHU3MOB IOBBIIICHHS
KOPPO3MOHHOW CTOWKOCTH sBJsieTcss (popMUpOBaHME Ha MOBEPXHOCTH MeTaia
OKCHJHBIX IUICHOK, CIIOCOOHBIX BBIMOJHATH OapbepHyl0 (YHKLIHIO W 3aMeIISTh
aHojHoe pactBopenue (Marcus et al., 2020; Schmuki et al., 2002). DddexTuBHOCTD
TAKOW 3alIMTHI ONpeAessieTcs TOIILWHON, COCTABOM, CTPYKTYpOH M YCTOHYMBOCTBIO
OKCHJIHOTO CJIOsI, a Takxke ycioBusiMu cpefsl (Marcus et al., 2020; Macdonald et al.,
1992; Schmuki et al., 2002).

Jlurepatypublii 00630p. s kene3a XapakTepHO 0Opa3oBaHHE MNacCHBHOM
OKCHIHOH IJICHKH CJIOKHOTO COCTaBa; B paMKax YIPOILIECHHOH JBYXCIOHHOMN CXeMBbI ee
MOKHO TIPEJICTABUThL KaK BHYTPEHHUH Oosiee IoTHBIN cnoii Fe,O, n BHemHui Menee
IoTHBIH cnoit Fe,O, (Schmuki et al., 2002; Qiu et al., 2015; Brossia et al., 1994). B
OTCYTCTBHE arpecCHBHBIX aHHMOHOB TaKas IJICHKA MOXKET 00eCle4ynBaTh YaCTHYHYIO
WIH BBIpRXEHHYI0 TaccuBanuio noBepxHocTH (Schmuki et al., 2002; Qiu et al.,
2015). OgHako MpHUCYTCTBUE XJIOPHUI-UOHOB 3HAUNTEIBHO CHIDKAECT €€ yCTOWYMBOCTD,
o0Jieryaet JIOKaJIbHO€ pa3pylIeHHe TACCUBHOTO COCTOSHUS U CIOCOOCTBYET Pa3BUTHIO
NUTTUHTOBOU Kopposuu (Wagner et al., 1959; Frankel et al., 2018; Qiu et al., 2015).
st onucanus KWHETHKH OKCHI000pa30BaHMsl U MACCUBALIMK TPUMEHSIOTCS MOJACIH
Motra—Kabpepsl, Baruepa, cunbHoro monst u Touednsix negexrtoB (Cabrera et al.,
1949; Macdonald et al., 1992; Wagner et al., 1959; Hoar et al., 1959). Jlns xene3a B
HEUTpaNbHBIX U CIa00IIENIOYHBIX cpelaX YIOOHBIM SIBISETCS KHHETHYECKHA MOIXO0],
YUUTHIBAIOMIMK 3aMe[UIeHHe POCTa IJICHKH MO Mepe YBEJIWYEHHUS €€ TOJIIMHBI, a
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TaK)Ke €€ BO3MOKHOE paCTBOPEHHE B IPUCYTCTBUH arpeCCUBHBIX KOMIIOHEHTOB CPEbI
(Macdonald et al., 1992; Hoar et al., 1959; Song et al., 2020). B Hacrosiieii padote
3TOT MOJAXOJ JONOJHEH YYE€TOM PAacTBOPEHHUS IUIEHKH MOJ JEHCTBHEM XJIOPUI-MOHOB
(Qiu et al., 2015; Brossia et al., 1994; Song et al., 2020).

Lenb paboTel — NPOBECTH YHUCICHHOE MOICIMPOBAHHE POCTa M PACTBOPEHHS
OKCHJHBIX IMJICHOK Ha >Kelie3e M OLEHHUTH BIUsHHE KoHueHTpauuu Cl” Ha ToimuHy
OKCHJIHBIX CJIOEB U CKOpOCTh Koppo3uu (Qiu et al., 2015; Brossia et al., 1994; Song et
al., 2020).

MarepuaJjbl M OCHOBHbIE METO/bI.

Ha moBepxHocTH keneza 00bIMHO (OPMUPYIOTCS 1BA OCHOBHBIX OKCHUAHBIX CIIOSL:

-BHyTpeHHui cnoii Fe,O,, mpuneraiomuii x Metauty u oOnamawooumi Gomnee
BBICOKUMH 0apbepHBIMH CBOMCTBAMH;

-pHelmHui cnoi Fe,O,, KoHTakTHpyrOIMi €O Cpemoi u B OONbLIEH CTEmeHH
MOJBEPKEHHBIN PACTBOPEHHUIO U 1e(heKTO0Opa30BaHUIo.

Jl1 KOJMYeCTBEHHOTO ONMMCAHMA AMHAMUKHM ATHX CJIOEB HCIIOJIb30BaHA CHCTEMaA

YpaBHEHHA, yUNTHIBAIOIIAs KOHKYPEHIIHIO TIPOIIECCOB POCTa U PACTBOPECHHS:

dxy -

E = Tﬁ:'ﬂurh,l{xl} - T}iiss,l{xli [C‘i: ]J ::'
dx 4
E‘:_E'_ = Tgrouth.2 {xfxl} - THiss,f{xfi ['!:-IE _]J va }

rae X1 u X2 — TONIIUHEI CJIIOEB Fe3O WU Fe2O3 COOTBETCTBEHHO.
CKOpPOCTH POCTa CIIOCB 33]1aBaJTHCh 110 SKCIIOHEHITMAILHOMY 3aKOHY, XapaKTePHOMY
JUTSL MOJICTTH CHJTBHOTO TI0JIs, @ CKOPOCTH PAaCTBOPEHUS OTPEACIISIIUCH KOHIICHTpaIueH

XJIOPUJI-UOHOB:
Ayxq
Tgrouth = K11 XP kT

Tgiss1 = K2 [CIT]™

Azxs
T

Yarouth2 = 'i':l.f EXP(_ k )f{xl]

Tgissz = Kaa[C17]72

KoHIeHTparust XJI0pUI-HOHOB Ha TPaHUIE BHYTPEHHETO W BHEIIHETO CIIOCB
MpUHUMANACh PaBHOM, Jis yueta OaphepHOro neiicTBus BHemiHero cioss Fe.Os B
MO/ICITH BBEICHA DKCTIOHCHITHATBHAS AlMPOKCUMAIIHS TPOHUKHOBEHUS XJIOPH/I-HOHOB:

[CI'], =[CI],  exp(—dX,),

int bulk

4TO OTpakaeT 6apbepHyto QyHKIMIO BHEIHETO ciost Fe O,. Jlannas 3aBucumocts
SIBJISICTCS MOJICITBHBIM JIOMYIIEHUEM HACTOSIIEH paboThI.
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J1s Konmn4ecTBEHHON OLIEHKH BIMSHUS TOJIIHMHBI OKCHIAHBIX CJIOEB HA KOPPO3HOH-
HYIO CKOPOCTb B MOJENIM HCIONb30BaHa (PEHOMEHOJIOTHYECKAs SKCIOHEHIMAIbHAs
3aBHCUMOCTb. CKOpOCTH KOPPO3HMH pacCUMThIBajach Kak (YHKIUS CyMMapHOM
3aLIUTHOM CIOCOOHOCTH OKCHIHBIX CIIOEB!

Xy Xo
Veorr = LﬂDE'XP{_ P
Ay A
rme Yg— 0a3oBasi CKOPOCTHh KOPPO3HH.
BrlpakeHne  WCHONB30BAaHO KAk  MOJIENbHAS — 3aBUCHUMOCTB  HACTOSIIETO
WCCIIEIOBAHMUS.
Pacuersr mposenenst B COMSOL Multiphysics 6.2. Mcxomgable mapaMeTpsl MOIETH
MIpUBeIeHEI B TabmuIe 1.

Tabnuna 1 — VicxoaHsle mapamMeTpsl MOJCIN

No [Tapamerp 3HaueHne Onmcanne

1 Kk, Ix10-1 Pocr Fe,0,, M/c

2 k,, 5%10710 Pocr Fe,0,, M/c

3 k,, 4x1010 Pacreopenue Fe,O,, m/c

4 k), 1x10°2 Pacteopenue Fe,0,, m/c

5 n,n, 1 Hopsimox mo CI

6 A 3x107° Xapaxrepuas quna i Fe,O,, M
7 A, 2x107° Xapaxrepuas mina s Fe,O,, m
8 5 2%10°8 Jmuna nponnkHoBeHus Cl-, M

9 \A 1x10°8 BazoBast ckopocTh KOppo3uu, M/c
10 X 1x10°12 Havanbunas tomuuna cios Fe,0,, m
11 X’ 5%10° 11 Havanbnas tommuna ciost Fe,0,, m

MonenupoBaHue TPOBEACHO JUIS TpPeX Cciay4daeB: 0e3 XJIOPHI-HOHOB, IpH
coneprxkanuu ClI™ 0,001 M u 0,02 M.

PesyabTarsi

1. OTcyTCcTBHE XJIOPUI-HOHOB

B orcyTcTBHE XJIOpUA-MOHOB HAOIIOMACTCS YCTOMYHMBOE YBEIMUYCHHUE TOJIIIMHBI
OKCHUJHOM IJIEHKH BO BPEMEHH, IPU ITOM CKOPOCTh POCTA TOCTEIICHHO YMEHbIIIAETCS,
YTO COOTBETCTBYET CHIIBHOIOJEBOMY MexaHu3My (opMupoBanus okcuja. [lo mepe
YBETUYCHUS TOMIIUHBI INICHKU CHUKACTCS HAMIPSKEHHOCTH TOJIT B OKCUIHOM CJIO€, U
pOCT 3ameisieTcsl.
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%107 [ ] (=]

/ — Fe304(x1)

Fe203(x2)

200 b

Fe304(x1), Fe203(x2)
=
5
S
T
L

Time

PI/ICyHO]( 1 — 3aBUCHUMOCTH TOJIIVMHBI OKCUAHBIX INIEHOK OT BPEMEHU B OTCYTCTBUE XJIOPUA-UOHOB.

OnHOBPEMEHHO € ATHM CKOPOCTb KOPPO3UU 3Kesie3a cHibkaeTcs. Ha HauanbHOM
JTare MOBEPXHOCTh €le HEJOCTAaTOYHO 3allUIleHa, OJHAKO M0 Mepe (pOopMUPOBaHUS
BHYTPEHHETO ¥ BHEIITHETO CJIOEB OKCHIHAS CUCTEMa HAaYWHAET BBITIOIHATH OaphepHYTIO
(hyHKIHIIO.

v_coorr o

x10? [
9.7
9.65
9.6

9.55

v_corr

9.5

9.45

9.4

9.35

9.3

PucyHOK 2 — 3aBUCHUMOCTb CKOPOCTH KOPPO3HH JKejle3a OT BPEMEHH B OTCYTCTBUH XJIOPH-HOHOB.

Takum oOpa3zom, B 0e3XJIOpUIHOW CpeAe JKelIe30 MEPEXOAUT B COCTOSHHE
YCTOWYMBOM MacCHUBAIUU.

2. Cpema ¢ 0,001 M xmopu-nuoHOB

IIpu xormenTpamuu Cl™= 0,001 M pocT OKCHIHON TUICHKH COXpaHIETCS, HO €¢
TOJII[UHA CTAHOBUTCSI MEHBINEH 10 CPaBHEHHUIO CO CIy4aeM B OTCYTCTBHH XJIOPHU]I
HMOHOB B pacTBOpe. DTO yKa3bIBaeT HA BOSHUKHOBEHNE KOHKYPECHIIMU MEXKIIy POCTOM H
pacTBOpPEHUEM OKCHJHBIX CIIOCB.
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Prcynox 3 — 3aBHCHMOCTB TONIIMHBI OKCHAHBIX IUNIEHOK OT BPEMEHH B PUCYTCTBUU XJIOPHI-HOHOB

Haubosee 4yBCTBUTENBHBIM K IEHCTBHUIO CPE/IbI OKa3bIBAETCA BHEMHMM ci10# Fe, O,
Ero wactudHoe pactBOopeHue ocnabiser OapbepHBI 3PPEeKT u obnerdaer mepeHoc
XJIOPH/-MOHOB K BHYTpeHHeMy cioro Fe,O,. B pesynbrare 3amurHOe NeHCTBHE BCEH

o

— Fe304(x1)
— Fe203(x2)

[} 10 20 30

Time

0,001 M.

IIJICHKH CHUXKACTCA.

910 MMPOABIISICTCA U B KUHCTHUKC KOPPO3UU: CKOPOCTH KOPPO3UHU YMCHLIIACTCA BO

BpeMeHu cnabee, yeM B orcyTcTBuu Cl.

x10° [
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v_corr
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9.45
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Pucynox 4 — 3aBUCHMOCTH CKOPOCTH KOPPO3HH XKejTe3a OT BPEMEHHU B MIPUCYTCTBUU XJIOPHI-HOHOB

CJ'ICILOB&TGJ'IBHO, npu HU3KOH KOHIEHTpaHUKU XJIOPHUI-MOHOB TITaCCHUBAIlUA CIIC
COXpPaHsiCTCA, HO €€ yCTOﬁ‘IHBOCTL YK€ 3aMETHO YyXyAIIacTCs.

v_coorr

0 3 10 15 20 25
Time

0,001 M.
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3. Cpena ¢ 0,02 M xmopu-uoHOB

[Ipu yBenmu4eHUN KOHIIGHTpAIK XJI0pUaA-uoHOB J0 0,02 M BiusiHUE arpecCUBHOM
CpeIbl CTAHOBUTCS 3HAUUTEIIBHO 0OJiee BBIPAXKCHHBIM. TOJIIMHA OKCHHBIX CJIOCB
OKa3bIBACTCS CYIIECTBEHHO MEHBIIE, YeM B MPEIBIAYIIUX CIy4asX, a POCT IUICHKH
MOJABIISIETC.

[&]

/’.—_7 ] | — Fe304(x1)

Fe203(x2)

10-30

T T 77T

T
i

1073

T T TTTTTT
L

T

10712

T T TTTTT

1072

TTT

Time

PucyHOK 5 — 3aBHCHMOCTD TOJIIMHBI OKCHIHBIX IJICHOK OT BPEMEHHU B IPUCYTCTBUU
xynopun-uonos 0,02 M.

DT0 03HAYAET, YTO MPOIIECCH] PACTBOPEHHUS HAYMHAIOT TPEe00II1aaaTh Ha l MPOIieccaMi
pocta. Buemnwmii cioit yxxe He cnocobeH 3¢pdexTuBHO orpannyuBarh nepenoc Cl,
BCJIE/ICTBHE YETO YCKOPSIETCs Ierpaalisl BHYyTPEHHETO 0apbepHOTO CIOSI.

CoOOTBETCTBEHHO, CKOPOCTh KOPPO3WM B JaHHOW Cpele OCTAaeTCs 3HAYUTEIHHO
0oJ1ee BHICOKOH.
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0 5 10 15 20 25 30 35 40 45 50
Time

PucyHok 6 — 3aBUCUMOCTb CKOPOCTH KOPPO3HH XKeje3a OT BpeMEHH!
B IPUCYTCTBHHU XJI0pHI-uoHOB 0,02 M.
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Takum o00pa3om, NpU TOBBILICHHOH KOHIEHTPALWU XJIOPHI-MOHOB CHCTEMa
MEPEXOJUT K COCTOSIHUIO OCNAa0JIeHHON MacCHBalK, OJU3KOMY K JCTacCHBALINH.

4. CpaBHUTENBHBINA aHAIN3

Jns BepuduKanmy pe3yabTaToB MPOBEICHO COMOCTaBICHUE ¢ OMyOTUKOBAaHHBIMH
YUCJIEHHBIMM HCCJIEOBAaHMSIMM ~ KOPPO3HOHHBIX TPOIIECCOB, BKJIIOYas MOJEIb
nuttuHroBorr kopposun Ed Fontes B COMSOL Multiphysics® (2021) u moxens
pocTa maccMBHOW OKCHUAHOHM IMieHKH Ha skenesze Ingmar Bosing (2023). [Momyueno
Ka4eCTBEHHOE COINIaCOBaHME OCHOBHBIX 3aKOHOMEPHOCTEH pa3BUTHUS KOPPO3HMOHHBIX
MIPOLIECCOB U DIEKTPOXUMHUUYECKOTO MOBEIEHUS Kee3a.

Oo6cyxaenne

ComnocraBiieHHe PacueTHBIX JaHHBIX MMOKAa3bIBAET, YTO XJIOPUA-MOHBI BIMSIOT Ha
KOPPO3HOHHYIO0 CTOMKOCTH Kejie3a JBOAKO: OHU HEMOCPEICTBEHHO YBEIMUYMBAIOT
CKOPOCTb PAacTBOPEHHS OKCHAHBIX CIOEB U OJHOBPEMEHHO YMEHBIIAIOT OaphepHYIO
(GyHKUMIO BHEUIHEro cijios. B pesynbprare pemiaromiee 3Hau€HHE UMEET HE TOJBKO
CyMMapHasl TOJIIMHA OKCUAHOM IIJIEHKH, HO U COCTOSHHE €€ BHEIIHEro Ccios,
OrPaHUYMBAIOIIETO JOCTYI arpEeCCUBHBIX AaHMOHOB K BHYTPEHHEMY CJIOIO M K I'paHHIIe
METaJUI—OKCH/I.

3akJroueHue

Paspaborana nByxcioiHas MOJeNb pOCTa M PACTBOPEHMS OKCHUAHBIX IUICHOK Ha
xenese, peannzoBanHas B COMSOL Multiphysics. Ycranosieno, 4to:

1. B OTCYTCTBHE XJIOPUI-MOHOB IMPOUCXOAUT YCTOWUMBBIA POCT OKCUAHOMN MIIEHKH
1 CHU)KEHHE CKOPOCTH KOPPO3HH;

2. mpu CI™=0,001 M 3amuTHas CHOCOOHOCTH IUICHKH YMEHbBIIIACTCSI, HO TACCUBAITHS
elle COXpaHsercs;

3. npu C1'=0,02 M pacTBOpeHHE OKCUAHBIX CJIOEB CYIIECTBEHHO YCUIMBACTCS, YTO
MPUBOJUT K POCTY CKOPOCTH KOPPO3HH;

4. BHewnu# cioii Fe,O, urpaet KIrroueByo posib B OrpPAHUYEHHUH IEPEHOCA XIIOPUJI-
MOHOB K BHYTpeHHeMYy ciioro Fe,O,;

[lonydyeHHble  pe3ynbTaTbl  MOATBEPKIAIOT  BO3MOXKHOCTH — MCIOJIB30BaHUS
YHUCJIEHHOTO MOJIEIMPOBaHUs JUIsl MPOTHO3a KOPPO3MOHHOIO TOBEJECHHS JKele3a B
arpecCUBHBIX Cpeiax M AJISl OLUEHKH YCTOHUYMBOCTH MACCUBHBIX OKCHIHBIX IJICHOK.

References

Marcus P. (Ed.) (2020) Corrosion Mechanisms in Theory and Practice. 4th ed. CRC Press. (in Eng.).

Cabrera N., Mott N.F. (1949) Theory of the oxidation of metals. Reports on Progress in Physics. —
Vol. 12. — No. 1. — P. 163-184 (in Eng.).

Macdonald D.D. (1992) The point defect model for the passive state. Journal of the Electrochemical
Society. — Vol. 139. — No. 12. — P. 3434-3449 (in Eng.).

Liu Y, Fu T, Guo Y., Guo Y., Wang R., Cao R., Li Z. (2025) Highly dispersed ZnZrO_ supported
on silicalite—1 boost synergistic catalysis with HZSM-5 for benzene alkylation with COZ/HZ; Journal of
Environmental Chemical Engineering, 13(3):116704. DOI: 10.1016.j.jece.2025.116704 (in Eng.).

Wagner C. (1959) Theories of oxidation and corrosion. Corrosion Science. — Vol. 5. — No. 11. —P.
751-764 (in Eng.).

Hoar T. P., Mott N. F. (1959) Oxide films on metals. Advances in Physics. — Vol. 8. — No. 29. — P.
343-382 (in Eng.).

248



Volume 3, Number 468 (2026)

Schmuki P. (2002) From Bacon to barriers: A review on the passivity of metals and alloys. Journal of
Solid State Electrochemistry. — Vol. 6. — No. 3. — P. 145-164 (in Eng.).

Wang X.,YinY.,LiH.,FanS., LvJ., Zhao T. (2024) The effect of Ce promotor on catalytic performance
of Zn.ZSM-5 in coaromatization of methanol and n-hexane, Microporous and Mesoporous Materials,
375:113158. DOI: 10.1016.j.micromes0.2024.113158 (in Eng.).

Frankel G.S. (2018) Pitting corrosion of metals: A review of the critical factors. Journal of the
Electrochemical Society. — Vol. 165. — No. 9. — P. C533—C544 (in Eng.).

Qiu Y., Luo J. (2015) The passivity and breakdown of passive films on iron in sodium chloride
solutions. Corrosion Science. — Vol. 90. — P. 463—470 (in Eng.).

Brossia C.S., Kelly R.G. (1994) A kinetic model for the growth and dissolution of passive films on
iron. Corrosion Science. — Vol. 36. — No. 5. — P. 821-832 (in Eng.).

Song Y. et al. (2020) Modeling and simulation of passivation breakdown and pitting corrosion using
COMSOL multiphysics. Corrosion Reviews. — Vol. 38. — No. 3. — P. 215-232 (in Eng.).

Fontes E. (2021) Modeling Pitting Corrosion in COMSOL Multiphysics® (Electronic resource).
COMSOL Blog, July 13 (in Eng.).

Bosingl., etal. (2023) Modeling electrochemical oxide film growth — passive and transpassive behavior
of iron electrodes in halide-free solution. npj Materials Degradation. — Vol. 7. — No. 1. DOI: 10.1038.
s41529-023-00369-y (in Eng.).

Zhou H., Chhin D., Morel A., Gallant D., Mauzeroll J. (2022) Potentiodynamic polarization curves of
AA7075 at high scan rates interpreted using the high field model. npj Materials Degradation. — Vol. 6.
Article 20. DOI: 10.1038.s41529-022-00227-3 (in Eng.).

249



Publication Ethics and Publication Malpractice
in the journals of the «Central Asian Academic Research Center» LLP (Almaty)

For information on Ethics in publishing and Ethical guidelines for journal publication see http://
www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics.

Submission of an article to the National Academy of Sciences of the Republic of Kazakhstan
implies that the described work has not been published previously (except in the form of an abstract or
as part of a published lecture or academic thesis or as an electronic preprint, see http://www.elsevier.
com/postingpolicy), that it is not under consideration for publication elsewhere, that its publication
is approved by all authors and tacitly or explicitly by the responsible authorities where the work was
carried out, and that, if accepted, it will not be published elsewhere in the same form, in English or in
any other language, including electronically without the written consent of the copyright-holder. In
particular, translations into English of papers already published in another language are not accepted.

No other forms of scientific misconduct are allowed, such as plagiarism, falsification, fraudulent
data, incorrect interpretation of other works, incorrect citations, etc. The National Academy of Sciences
of the Republic of Kazakhstan follows the Code of Conduct of the Committee on Publication Ethics
(COPE), and follows the COPE Flowcharts for Resolving Cases of Suspected Misconduct (http://
publicationethics.org/files/u2/New_Code.pdf). To verify originality, your article may be checked by
the Cross Check originality detection service http://www.elsevier.com/editors/plagdetect.

The authors are obliged to participate in peer review process and be ready to provide corrections,
clarifications, retractions and apologies when needed. All authors of a paper should have significantly
contributed to the research.

The reviewers should provide objective judgments and should point out relevant published works
which are not yet cited. Reviewed articles should be treated confidentially. The reviewers will be
chosen in such a way that there is no conflict of interests with respect to the research, the authors and/
or the research funders.

The editors have complete responsibility and authority to reject or accept a paper, and they will
only accept a paper when reasonably certain. They will preserve anonymity of reviewers and promote
publication of corrections, clarifications, retractions and apologies when needed. The acceptance of a
paper automatically implies the copyright transfer to the National Academy of Sciences of the Republic
of Kazakhstan.

The Editorial Board of the National Academy of Sciences of the Republic of Kazakhstan will
monitor and safeguard publishing ethics.

Requirements for articles design for publication in the journal are available on the websites:
www:nauka-nanrk.kz
http://chemistry-technology.kz/index.php/en/arhiv
ISSN 2518-1491 (Online), ISSN 2224-5286 (Print)

Managing Editor: A.Shormakova
Editors: D.S. Alenov, T. Apendiev
Computer layout: G.D. Zhadyranova

Signed for print: September 23, 2026
Format: 70x90 1/16. 24.0 printed sheets. Order No. 3

«Central Asian Academic Research Centery LLP
Almaty, Shevchenko Street, 28



