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Abstract. Duplex stainless steels are a modern class of materials with a unique combination of high corrosion and mechanical properties. Due to this,
they can be widely used in machine parts and aggregates in fields with aggressive oil and gas production conditions. One of the disadvantages
of these materials is their tendency to local corrosion damage on non-metallic inclusions, other things being equal, formed during smelting and
casting. To control the purity of steel in conditions of open induction smelting, it is effective to use modification with rare earth metals (REM).
Therefore, the purpose of this work was to determine the optimal content of REM in duplex steel to increase corrosion properties. Thermodynamic
modeling of the formation of nonmetallic inclusions in duplex corrosion-resistant steel S32750 was carried out and the results of calculations were
compared with the experimental data. It is shown that there is an optimal concentration of REM at which contamination with inclusions is minimal
due to favorable conditions for their removal, and with a further increase in consumption it increases due to coagulation of a large number
of refractory oxides. Electrochemical tests were performed and parameters such as corrosion potential, pitting formation potential and the basis
of pitting resistance of experimental steels were determined. Therefore, the corrosion properties of the investigated duplex steel are significantly
improved when treated with REM. The electrochemical potentials of different types of inclusions are evaluated on a qualitative level. Based
on the obtained results on corrosion resistance and contamination of the studied castings, the optimal amount of REM introduced for modifying
inclusions is 0.05 % (0.65Ce + 0.35La).
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AnHomayus. JlynnekcHble KOPPO3UOHHOCTOWKUE CTAIM — 9TO COBPEMEHHBIIN KJIaCcC MaTepHasoB, 0013 aloINX YHHUKAJIBHBIM COYETAHUEM BBICOKHX
KOPPO3HOHHBIX M MEXaHWYECKHUX CBOWCTB. biaromaps 3ToMy OHM MOTYT HOJIyYHThH HIMPOKOE IPHMEHEHHUE B JETANSAX MAIIMH W arperatoB Ha
MECTOPOXKACHUSIX C arpeCCHBHBIMH YCIOBUSIMHU JIOOBIYM He(DTH U raza. OIHUM W3 HEJOCTATKOB ITUX MATEPHAJIOB SIBIISIETCS UX CKIOHHOCTDH K
JIOKaJbHBIM KOPPO3HOHHBIM MOPAXKEHHUSIM, TIPH MPOYMX PABHBIX YCIOBHSX (OPMHUPYIOLINXCS HA HeMeTamM4IecKux BriodeHusix (HB), kotopsie
00pasyloTcs Mpy BHITUIABKE U pa3iauBKe. [Jist yripaBiaeHHs: YUCTOTOM CTaIU B YCIOBHSAX OTKPBITON MHIYKIIMOHHON BBITUIABKU (D ()EKTHBHO MpHMe-
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HATH MOIU(ULUpPOBaHUE penkozeMenbHbiMU MeTamiamu (P3M). ITostomy menbio Hacrosimel paboThl SABISIOCH ONPEASNICHHE ONTHMAILHOIO
conepxxanust P3M B IyIieKCHOMU CTaly IS MOBBIIICHUS KOPPO3HOHHBIX CBOKMCTB. [IpoBeneHo TepMogrHaMUIecKoe MOJIETUPOBaHNE 00pa30BaHHS
HB B ymuiekcHoi KOppo3HOHHOCTOHKOM cranu S32750. Pe3ynbraThl pacyeToB COMOCTABICHBI ¢ SKCIIEPUMEHTAIbHBIMU JaHHbIMU. [okazaHo, 4To
CYILIECTBYET ONTHMAIbHasA KOHIeHTpanus1 P3M, mpu KoTopoii 3arps3HCHHOCTS BKIIIOYCHUSIMI MHHEMAIIbHA H3-32 OaronpHATHBIX YCIOBUH I HX
yQJICHUs], @ IPH AaJIbHEHIIeM YBEJIMUYSeHUH PACX0/ia MOBBIIIACTCS U3-3a KOATYJISIUHI OOJIBIIOTO KOJIMYECTBA TYTOIUIABKUX OKCUIOB. B pesynbrare
SIEKTPOXUMHUYECKHX HCIBITAHNH OIpe/ieIeHbl TAKHE apaMeTphl, KaK MOTEHIHAT KOPPO3UH, IOTEHIHAI MHTTHHI000pa30BaHus 1 0a31C MUTTHH-
rOCTOMKOCTOCTH ONBITHBIX cTasiei. Koppo3noHHbIE CBOWCTBA HCCIIEI0BAHHON AYTIIEKCHOH CTalll 3HAYMTEIBLHO YITyqIIaloTces pu oopadoTtke P3M.
Ha kagecTBEeHHOM ypOBHE IIPOBEICHA OLICHKA 3EKTPOXHIMHUYCCKUX IIOTCHIHAIOB Pa3HBIX THIIOB BKIIOYEeHUH. Ha 0CHOBaHHH IOy YeHHBIX PE3yIlb-
TaTOB 110 KOPPO3UOHHON CTOMKOCTH M 3arpsiI3HEHHOCTH M3yUYEHHBIX OTIMBOK ITOJy4eHO ONTUMalbHOE KoryecTBo P3M, BBoAMMOTO JUIst MOAU(HU-

LOUPOBaHMSA BKIIOUYEHNH, koTopoe coctasisieT 0,05 % (0,65Ce + 0,35La).

Kawuessle caosa: AYIIICKCHBIC KOppO3HOHHOCTOﬁKH€ CTajau, TEPMOAUHAMHUICCKOC MOACIUPOBAHNUC, TEXHOJIOTHUS PACKUCIICHUS, MOZ[I/I(i]I/II_II/IpOBaHI/Ie,

HEMCTAJUIMYCCKHUC BKITIOUCHHUS, DJICKTPOXUMHUYIECCKHUE UCCIICTOBAHUS

BaazodapHocmu: ViccnenoBanue BBITIONHEHO NpH (UHAHCOBOM mojepixkke MUHHCTEpPCTBa HAYKU U BbIcIIero odpaszosanusi Poccuiickoit deneparnu
B paMKax Iporpammbl HaydHoro neHrpa MupoBoro ypoBHs: Ilepenossie nuppossie TexHonoruu (conamenne Ne 075-15-2022-311 ot 20.04.2022).
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[ INTRODUCTION

Currently, the operational activities of oil and gas com-
panies are shifting towards reservoirs with more aggres-
sive extraction conditions, which continuously increase
and tighten the requirements for the properties and qua-
lity of materials used in equipment manufacturing. One
of the unique materials that has been effectively used
abroad for a long time but is only now gradually being
implemented in the domestic industry is duplex stainless
steels (DS) [1; 2]. Due to their high level of chromium,
nickel, molybdenum, and nitrogen alloying, these steels
possess resistance to general corrosion at the level of tra-
ditional austenitic steels but allow for significant strength
characteristics due to the simultaneous existence of aus-
tenite and ferrite. At the same time, these steels are highly
vulnerable to local types of corrosion, such as pitting and
crevice corrosion [3; 4].

Under equal conditions, non-metallic inclusions
(NMIs) are the sites of formation of local corro-
sion damage, which occur during melting and casting pro-
cesses. Therefore, it is necessary to minimize their quantity
or modify them into types that have a weak effect on cor-
rosion properties. Publications have shown the degree
of negative influence of different types of NMIs [5; 6],
their quantity, size, and morphology [7 — 9] on the prop-
erties of finished products made from DS.

It is well known that various two-stage processes
of special electrometallurgy, such as vacuum induc-
tion melting of ingots—electrodes followed by electro-
slag remelting, are used to produce high-quality steels
and alloys [10 — 12]. However, this technology is quite
expensive and is also not suitable for obtaining shaped
castings, which make up a significant part of the range
of machine parts and units for oil and gas production.
Such castings are usually produced by melting in an open
induction furnace with very limited conditions for refi-
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ning the melt. One effective way to control inclusions
in these conditions is to use rare earth metals (REM) as
modifiers for NMIs. Thus, the introduction of REM can
lead to the formation of different types of NMls, both
increasing [13 — 16] and decreasing [16 — 19] the corro-
sion resistance of highly alloyed steels and alloys.

Therefore, the aim of this study is to investi-
gate the influence of the consumption and concentra-
tion of REM on the formation of NMIs in DS in an open
induction furnace and to study their effect on the pitting
corrosion resistance of DS.

[ MATERIALS AND METHODS

The study investigated duplex stainless steel
of the austenitic-ferritic class, type S32750, with varying
amounts of rare earth metals (REM), obtained in an open
induction furnace with a capacity of 20 kg. After comp-
lete melting of the charge, the steel was deoxidized with
silicon and manganese, and then with titanium. It was
then held in the furnace for 1 min to average the chemi-
cal composition and poured into an 80 mm diameter cast
iron mold with a capacity of 10 kg. A portion of REM
was added to the crucible, and the remaining melt was
poured into a ladle, from which the second ingot was cast.
In the second melt, both ingots were produced using REM,
but with different amounts. Thus, four ingots weigh-
ing 10 kg each were obtained (Table 1). Since the ratio
of cerium to lanthanum in all ingots was the same and
corresponded to the chemical composition of the used
alloy, for convenience, the total amount of REM was used
for each ingot in Table 1 and onwards.

Therefore, the experiment was planned so that DS,
steel without REM and DS, steel with a 0.02 % REM
content were obtained in melt /7, while DS, and DS, steels
with REM contents of 0.05 and 0.08 % respectively were
obtained in melt 2. DS, and DS, steels were poured from
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the furnace spout, while DS, and DS, steels were poured
using a ladle. Since it is believed that pouring through
a ladle allows for intensified metal mixing at the moment
of pouring and increases the inclusion floatation time,
this order of obtaining the ingots allowed for studying
the influence of REM consumption and casting techno-
logy in two melts, excluding the influence of other mel-
ting features.

To obtain the required amount of ferrite (50 %) and
eliminate secondary phases formed during slow cool-
ing of selected section ingots, samples were quenched
in water after isothermal holding at 1100 °C. The con-
tamination assessment of experimental steels with inclu-
sions was carried out using ASTM E 1245 method by
field-by-field cumulative method. The volumetric inclu-
sion content V, %, average diameter by Feret d, pm,
and maximum diameter of the largest inclusions d_ ,
um, were evaluated. The chemical composition of NMI
was determined by X-ray spectral microanalysis using
the TESCAN Mira-3M scanning electron microscope.

Thermodynamic simulation of inclusion forma-
tionwas conductedaccordingtothe methodology presented
in [20 — 22]. For the calculation of primary inclusions,
the initial oxygen content interacting with deoxidizers
during their introduction was taken into account. To cal-
culate the equilibrium type of NMI for each deoxidizer
concentration during steel cooling, solubility surfaces
of components in metal (SSCM) were calculated [20],
using temperature-dependent equilibrium constants and
first-order interaction parameters for each considered
reaction [23 —25]. When forming tertiary inclusions,
liquation was taken into account according to the Scheil
equation [26].

The resistance of steels to pitting corrosion was evalu-
ated by electrochemical method using VersaStat Prince-
ton Applied Research potentiostat. The tests were con-
ducted in a 5 % aqueous solution of NaCl, acidified with
acetic acid to pH =3 at 22 °C. During the experiment,
the following parameters were determined:

— the steady-state corrosion potential E aay> which
was recorded after holding without external polariza-
tion for 1 h;

— the corrosion potential £, indicating the potential
of the metal at which anodic and cathodic reactions are in

equilibrium under polarization conditions;

— the pitting potential E corresponding to the cur-
rent at which pitting occurs as a result of local breakdown
of metal passivity;

— the pitting resistance basis, calculated as the dif-
ference between the corrosion potential and the pitting
potential.

[l RESULTS AND DISCUSSION

Thermodynamic simulation and assessment of NMls

Fig. 1 shows the result of thermodynamic modeling
of inclusion formation during deoxidation of experi-
mental steel with titanium at 1550 °C. The initial oxy-
gen content in equilibrium with non-deoxidized DS is
0.025 %. Upon introduction of titanium, up to a con-
centration of 0.01 %, deoxidation practically does not
occur, the total oxygen content is equal to the sum
of the amount of oxygen bound in a small number of pri-
mary inclusions and dissolved. In equilibrium with
the melt, primary inclusions of the |[FeO-Cr,0;l g0l
type are present. In the range of titanium concentra-
tions from 0.010 to 0.023 %, the formation of a solid
solution  |Cr,0,, MnO, TiO,| becomes  pos-
sible, while the solubility of oxygen in the steel begins
to decrease. With further increase in titanium concentra-
tion to 0.027 %, the formation of titanium oxide Ti,O,
occurs, and when the titanium concentration reaches
0.075 %, Ti,O, inclusions are formed.

solid sol.

To track the changes in the equilibrium phase com-
position in DS when introducing REM, SSCM was
calculated for the studied steel in the Ig[Ce] —Ig[La]
coordinates (Fig. 2). Using this diagram, the combined
influence of cerium and lanthanum on the type of formed
non-metallic inclusions (NMI) can be assessed at a con-
stant titanium concentration of 0.05 %, which corre-
sponds to the experimental steels (Table 1, dashed line
in Fig. 1). Let us consider the phases in equilibrium
with the melt. In region /, the composition of the liquid

Table 1. Chemical compositions of the studied duplex steels

Tabauya 1. XuMHYECKHU COCTAB HCCIEIYEMbBIX TYIJIEKCHBIX CTaJIeil

. Pouring Elements, wt. %
Sample | Melting - - -

method C Cr Si [Mn| Ni | Mo| N | Cu | S Ti |REM
DS, ; From spout -
DS, Through ladle 0.020

0.027 | 24.000 | 0.300 | 1.000 | 7.600 | 3.400 | 0.100 | 0.700 | 0.012 | 0.050

DS, 5 From spout 0.050
DS, Through ladle 0.080
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Fig. 1. Thermodynamic modeling of inclusions formation during
deoxidation of experimental steel by titanium

Puc. 1. TepMognHaMHUYECKOE MOJCIUPOBAHIE 00pa30BaHUsI BKIIIOUCHHN
NPU PACKUCIEHUHU OINBITHON CTAaJIM TUTAHOM

metal is given, which is in equilibrium with solid par-
ticles |Ti,O] - Even with such a small amount of REM,
the formation of inclusions [Cr,0,, MnO, TiO,|_ i
which appear during preliminary deoxidation with tita-
nium, is completely suppressed. As the lanthanum content
increases, the equilibrium phase becomes a solid solu-
tion of oxides |La,O,, CeO,| ..., ([La]=0.000007 %,
region /1), and with even higher concentration, lantha-
num sulfide LaS is formed ([La] > 0.0020 %, region I1I).
The formation of Ce,O, type inclusions is possible at
a concentration of [Ce] > 0.0004 wt. %. The SSCM also
includes a line representing the ratio of cerium and lan-
thanum concentrations in the mischmetal. Thus, when
increasing the amount of the added REM, the change in
the equilibrium type of inclusions will occur along this
line.

Since the formation of inclusions occurs not only
during deoxidation and modification, but also during
cooling and solidification, modeling of these stages has
been carried out. The results of the calculations for all
four steels are shown in Fig. 3, where images and phase
composition of the found inclusions in these ingots are
also included for convenience of analysis. Table 2 pre-
sents the results of the assessment of the volumetric frac-
tion and sizes of NMIs.

In DS, steel, pure titanium oxides Ti,O, (Fig. 3, a)
are formed initially as primary, and then as secondary
and tertiary inclusions. However, in practice, complex
oxides like Cr,O; — MnO — TiO, have been found in this
steel. The formation of these inclusions is associated with
the time point of introducing titanium into the melt, when
microvolumes with different concentrations are formed
due to its uneven distribution in the furnace, leading
to the possible formation of various oxides (Fig. 1). This
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steel is the most contaminated with NMIs, with a volu-
metric fraction of 0.259 %, an average size of 1.8 um,
and the largest inclusion reaching 18 um (Table 2).

When adding 0.02 % REM to DS, steel, in addi-
tion to primary titanium oxides, the formation of a solu-
tion |Ce,O, — La,O,| becomes possible (Fig. 3, d). Simi-
lar NMIs have been found experimentally in the metal
(Fig. 3, /). However, besides these, large inclusions
of Cr,0,—~MnO-TiO, have also been found in the same
sample (Fig. 3, e). These inclusions, like in DS, steel, are
products of preliminary deoxidation that do not have time
to recrystallize into equilibrium inclusions, resulting in
their volumetric fraction in this steel being lower than in
DS, but still at a relatively high level (0.216 %). The ave-
rage size of inclusions in this steel is almost the same,
with the largest NMI size being 19 pm.

With an increase in REM concentration to 0.05 %
(steel DS,), the fraction of primary lanthanum and cerium-
based inclusions increases, while the number of forming
titanium oxides decreases accordingly (Fig. 3, g). Experi-
mentally, a large number of Ce,0,—La,0, inclusions and
a significantly smaller number of Cr,0,—~MnO-TiO,
inclusions have been found in this steel. The contamina-
tion of NMIs in this steel is significantly lower, as primary
REM inclusions are actively removed from the melt, with
a fraction 0f 0.161 % and an average NMI size of 1.8 um,
with the largest inclusion size being 12 um.

When introducing 0.08 % REM (DS, steel), the for-
mation of primary titanium oxides is completely sup-
pressed, as all initial oxidization is removed due

lg[Ce] /
V4
|Ce203|sol
2k
11
‘Las‘sol
4
-3 ILa,05, CeO,i1id sor.
—4 1 1 |
-6 -5 -4 -3 -2 lg[La]

Fig. 2. Stability diagrams
of nonmetallic inclusions (NMI) for the system
0.027C—-24Cr—0.3Si—1.0Mn—7.6Ni—3.4Mo—0.1N-0.7Cu—0.012S
at T=1550°C, P=1 atm

Puc. 2. I1oBepXHOCTH PaCTBOPUMOCTH KOMIIOHCHTOB
B METaJIIe JUIsl CUCTEMBI
0,027C—-24Cr-0,3Si—1,0Mn—7,6Ni-3,4Mo—0,1N—-0,7Cu—0,012S
npu I'= 1550 °C, P=1 atm
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NMI weight, % NMI weight, % NMI weight, %

NMI weight, %

Ti=0.05%
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0.05 x ITi,04
0.04 @
b
0.03 E
-
0.02 I I I I I
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Temperature, °C
a
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ILa,05 — CeO,lpg 50, B
2
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d
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0.04
\
0.03 \ ICe:03l
0.02 |La,05 — CeO,l g so1 ~ N
P \
0.01 é‘ |Ti305‘sol
0 I I I I I
1380 1410 1440 1470 1500 1530 1560
Temperature, °C
g
Ti=0.05 %; Ce = 0.048 %; La = 0.028 %
0.06
[Ce,05q
|La,0; — CeO,lyiq o1
0.03 B
\% Ti,04[
2
0.02 . . . .

1380 1410 1440 1470 1500 1530 1560

Table 2. Results of the assessment of contamination with non-metallic inclusions (according to ASTM E1245)

Tabauya 2. Pe3yabTaThl OHEHKH 3arPsi3HEHHOCTH HeMeTa/UInYecKuMu BKIouenusivu (mo ASTM E1245)

Puc. 3. TepmopuHaMHU4eCKO€ MOAEIUPOBAHUE U SKCIIEPUMEHTAIbHO HallienHbie HB B OIBITHBIX cMTKaX cTalei:

Z[Cl (d - C); ﬂCZ (d _.f); l[cg (g -

Temperature, °C

J

-

-

Fig. 3. Thermodynamic modeling and NMIs in experimental steel ingots:
DS, (a—c¢); DS, (d—f); DS, (g—i); DS, (j - 1)

0, AC, (G =D

; From spout 0.259 +£0.036 1.8+0.1
DS2 Through ladle 0.216£0.030 | 2.1+0.3 19
DS, 5 From spout 0.161 £0.018 1.8+0.2 12
DS, Through ladle 0.179£0.017 | 1.9+0.2 15
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to the formation of REM inclusions (Fig. 3, ;). In this
case, titanium oxides are formed as secondary and ter-
tiary inclusions, making their removal from the melt dif-
ficult. Two-phase NMI containing cerium and lanthanum
with a small amount of Cr,0,~MnO-TiO, oxides were
found in a real DS, ingot (Fig. 3, k), as well as large inclu-
sions based on cerium and lanthanum oxide and titanium
oxide. By their morphology, it can be concluded that
they are formed due to the coagulation of a large amount
of refractory primary oxides (Fig. 3, /). The assessment
results of contamination confirm this, as the volume
fraction of NMI in this steel is higher than in DS, steel,
at 0.179 %, with an average size of 1.9 pm and the largest
NMI size of 15 pm.

Analysis of the data in Table 2 also allows us to con-
clude that in the treatment of REM, the pouring techno-
logy (From spout or Through ladle) does not have a sig-
nificant effect on the contamination of NMI.

Thus, thermodynamic simulation efficiently describes
the observed types of NMI and their quantities in experi-
mental steels. However, even in steels with increased
REM content, non-equilibrium products of primary deox-
idation by titanium are found, as the amount of primary
inclusions in DS steel is so high that even 0.08 % REM
for complete modification is insufficient.

Influence of NMls on corrosion resistance

The results of the evaluation of the corrosion pro-
perties of the studied steels are presented in Table 3.
The steady-state corrosion potential £ dy for the steel
deoxidized only by titanium (DS,) is significantly
lower than for the steels modified by REM. The addi-
tion of REM increased the value of £ dy? but there is no
dependence between the specific amount of introduced

REM and E

steady”

The values of the equilibrium corrosion potential for
the steels modified by REM are approximately the same
and significantly lower than the corresponding parameter
for the steel without REM. The pitting resistance poten-
tials slightly increase from the first steel to the fourth.
In order to fully describe the range of potentials at which

the material exists in a passive state, the so-called pitting
resistance basis is calculated. If the process of destruc-
tion of the oxide film begins at the corrosion potential,
and its complete destruction occurs at the pitting poten-
tial, then the higher the value of the pitting resistance
basis (AE = E = E.)s the better the material’s resistance
to pitting corrosion. Thus, the addition of REM signifi-
cantly increased the resistance to pitting corrosion of all
steels treated with mischmetal.

The investigation of the pitting initiation sites was
carried out on polished samples after electrochemi-
cal testing (Fig. 4). In steels DS, (Fig. 4, a) and DS,
(Fig. 4, b) without REM or weakly modified by REM,
numerous pits were found on Cr,0,—MnO-TiO, inclu-
sions. In steels DS, (Fig. 4, c) and DS, (Fig. 4, d), it
was found that in two-phase inclusions, the part consist-
ing of oxides based on Cr,0,~MnO-TiO, is primarily
damaged, while the part based on cerium and lanthanum
oxides is retained.

There are several hypotheses about the mechanisms
of inclusion influence on pitting initiation and develop-
ment. The first hypothesis is based on the difference in
the coefficient of thermal expansion (CTE) between
the inclusion and the matrix [6]. If the CTE of the inclu-
sion is higher than that of the matrix, compressive
stresses are generated upon cooling, leading to the forma-
tion of microvoids. Conversely, if the CTE of the inclu-
sion is lower, tensile stresses are generated. However, in
this case, this mechanism is not applicable as no poros-
ity or microvoids were observed at the inclusion-matrix
interface before testing (Fig. 3). The second hypothesis,
proposed in [27], suggests the formation of chromium-
depleted zones around oxide inclusions based on chro-
mium. However, other studies [6; 28] that have inves-
tigated the distribution of chromium around oxides
do not confirm this hypothesis. Moreover, in the present
study, an investigation of the element distribution across
the NMI section (Fig.5) shows no depletion zone
around the Cr,0,—MnO-TiO, inclusion. Since the dif-
fusion relaxation of reactants around a growing inclu-
sion in liquid metal occurs within a few seconds [29],
and the reactant concentrations quickly equilibrate,
depletion can only occur during the growth of the inclu-

Table 3. Corrosion test results

Tabauya 3. Pe3yabTaThl KOPPO3UOHHBIX UCIILITAHMI

Sampl Steady corrosion | Equilibrium corrosion | Pitting formation | Pitting resistance
ample potential £,V potential £,V potential £ ., V basis AE, V
steady cor pit
DS, 0.109 —-0.092 1.058 1.150
DS, 0.191 —-0.143 1.087 1.230
DS, 0.190 —-0.145 1.074 1.219
DS, 0.190 -0.138 1.086 1.223
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CrO,— MnO —TiO,

—

L0 = 0~ (a0

Cr,04— MnO - TiO)

Fig. 4. NMIs in experimental steels after corrosion tests:
DS, (a); DS, (b); DS, (¢); DS, (d)

Puc. 4. HemeTaysinyeckue BKIFOUCHHSI B OMBITHBIX CTAJISX MOCIIE KOPPO3UOHHBIX HCITBITAHUI:

AC, (@); AC, (b); AC, (¢); AC, (d)

sion in solid metal, when the diffusion rate decreases
by several orders of magnitude [30]. Due to the fact that
Cr,0,—~MnO-TiO, oxides are formed as primary inclu-
sions (Fig. 1), the formation of a diffusion-depleted zone
around them is impossible.

The third hypothesis is related to the dissolu-
tion of inclusions in the corrosive environment [7].
It is known that REM oxides form hydrolytically sta-
ble oxides in water [31]. However, these data should
be cautiously applied to the considered electrolyte with
a pH of 3. Direct studies on the nature of pitting forma-
tion (Fig. 4) only allow us to state the fact that cerium
and lanthanum oxides have a higher potential in the cho-
sen test medium, therefore, corrosion damage will pri-
marily occur in the matrix. At the same time, pits were
found specifically on the side of the Cr,0,~MnO-TiO,
oxides in the vicinity of two-phase inclusions consisting
of cerium and lanthanum oxides, and complex compounds
of Cr,0,-MnO-TiO, oxides (Fig. 4, ¢, d). Therefore,
the latter have a lower corrosion potential than the steel
matrix. As shown above, as the REM content in the steel
increases, the fraction of pure REM oxides increases
while the fraction of complex NMIs, which are pro-
ducts of preliminary deoxidation, decreases. Therefore,

in steel containing a higher amount of cerium and lan-
thanum oxide inclusions, the potential for pitting forma-
tion £ it and the basis AE are higher. The types of inclu-
sions can be arranged in order of increasing potential

1 um
—

Fig. 5. Distribution of elements around Cr,0,—MnO-TiO, inclusion

Puc. 5. Pacr[pe,uenemde DJICMEHTOB B OKPECTHOCTHU BKJIFOYCHUSA
Cr,0,~MnO- TiO,
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in the selected electrolyte: Cr,0,—~MnO-TiO, < steel
matrix < La,0,-Ce0,/Ce,0,.

- CONCLUSIONS

Taking into account the specific qualitative potential
of the matrix and different types of inclusions, as well
as the estimated quantity of inclusions and their sizes,
the optimal amount of REM introduced for modifying
inclusions in the studied DS is 0.05 %. At this content
of REM, the best effect of modification can be achieved
and the quantity and size of inclusions can be mini-
mized, resulting in a significant improvement in cor-
rosion properties. With a lower REM consumption,
a large amount of primary oxidation products, which are
more likely to form pitting, are preserved. On the other
hand, with a significant increase in REM consumption,
the volume fraction and size of inclusions increase due
to intensified coagulation of primary refractory oxides.
To increase the efficiency of modification and further
reduce the required modifier consumption, measures
should be taken to reduce the initial oxidation of the melt
and decrease the quantity of primary inclusions.
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