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Abstract. Increasingly rigid requirements in terms of the steel products quality are forcing the metallurgy technologists to search for innovative solutions
to stabilize the steel quality. Much attention is paid to ladle treatment of melt and selection of rational composition of modifiers, which enables
the content of non-metallic inclusions to be reduced. In order to solve the formulated problem, complex modifiers are used containing both calcium
and other alkaline earth metals (barium and strontium). This article presents the results of a pilot campaign on metal ladle treatment by complex
modifiers with alkaline earth metals (calcium, barium, strontium) upon production of steel with higher requirements for non-metallic inclusions under
conditions of electric-furnace melting at JSC “Ural Steel”. In the course of experimental activities, the maximum level of inclusions content of sheet
rolled products from pipe steel grades was decreased in terms of brittle silicates (according to State Standard GOST 1778) from 4.0 to 1.5-2.5,
and in terms of non-deforming silicates from 4.0 to 3.0 — 3.5. Substitution of silicocalcium, grade SK40, with experimental modifiers resulted in
improvement of strength properties of rolled products both during tension tests and during impact bending tests at lower temperatures. This influence
was observed in all variants of consumption of the experimental modifiers. With increase in the consumption of modifiers positive influence on steel
mechanical properties also increased. As a consequence of substitution of silicocalcium with experimental modifiers, the calcium recovery with the
use of Si—Ca—Ba increased in average by 1.6 times, and with the use of Si—Ca—Ba—Sr in average by 2.4 times. The use of the complex modifiers
enabled the targeted value of residual calcium in steel sample from tundish to be obtained at significantly lower calcium consumption.
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AHHOmayus. Yxxecroyaromuecs: TpeOOBaHUS K Ka4€CTBY METAJUIONPOAYKIUH BBIHYKJIAIOT TEXHOJIOIOB METAJUIypPIrHUeCKOro MPOU3BOJICTBA MCKATh

HOBBIE PELIIEHMS, TI03BOJISIOIINE CTAOMIN3UPOBATH KaueCTBO MeTaslIa. bonbioe BHUMaHKeE y/elsieTcs TEXHOIOI MM BHeIIeuHOM 00paboTKHU paciiaBa
1 107100py PALMOHAIBHOTO COCTAaBa MOAM(PHKATOPOB, MO3BOJISIOIIMX CHU3UTH 3arPA3HEHHOCTh METAILIA [0 HEMETAIIMYECKUM BKIIOUeHUsIM. J{i1s
pelIeHUs TIOCTaBICHHON 3a/1a4i NPUMEHSIOTCSI KOMIUIEKCHbIE MOAU(UKATOPBI, COAepKallie KaK KalblMH, Tak U APyrue IeI0YHO3eMebHbIE
MeTasisl (Oapuii u crponnuii). [IpencraBieHbl pe3yabTaThl OMBITHO-ITPOMBIIICHHON KOMIIAHUH 10 BHEMEYHOU 00pabOoTKe MeTaslia KOMIUICKCHBIMH
MozU(pUKaTOpaMu ¢ IENOYHO3eMeIbHBIMU MeTa/ulaMu (KaJIbLinii, Oapuii, CTpOHIKIT) IPU MPOU3BOJACTBE CTAIU C IOBBILICHHBIMU TPEOOBAHUAMU
K HEMETAUTMYCCKUM BKIIFOUCHHSM B YCIOBHSX 3leKTpocTaneriaBuibHoro mexa AO «Ypanbsckas Cramby. B Xome skcniepuMeHTanbHbIX padoT
YAAI0Ch CHU3UTh MaKCUMaJIbHBII Oasll 3arpsiI3HEHHOCTH JIHCTOBOTO IPOKaTa U3 TPYOHBIX MapoK CTajHu 1o cuiaukaram xpynkum (o FOCT 1778)
¢ 4,0 no 1,5-2.5, no cunukaram Heaedopmupyrougmcs ¢ 4,0 1o 3,0 — 3,5. 3amena cunukokanbius mapku CK40 Ha onbITHBIE MOAM(UKATOPBI
IpUBEA K YITy4IIEHHIO IPOYHOCTHBIX CBOMCTB MPOKATa KaK IPU UCIBITAHUAX HA PACTSKEHHE, TaK U IPU UCHBITAHUAX HA YAApHBII M3rud npu
MOHIWKEHHBIX TeMIlepaTypax. YKa3aHHOE BIIHMsHHE HAOIIOAANOCh MPU BCEX BapHaHTaX PACXOJOB ONBITHBIX MOAM(HUKATOPOB. OTMEUEHO, YTO
C YBEJIMUEHUEM DPAcXola MOAU(UKATOPOB IOJOKUTEIbHOE BIMAHME HA MEXaHUUECKHUE CBOMCTBA CTAlIM yCHIIMBAJIOCh. B pesynbrare 3aMeHbI
CHITMKOKAJIBIIMS Ha OMBITHBIC BAPHAHTHI MOAU(UKATOPOB YCBOCHHUE KabIIMs MpH rcnonb3oBanun Si— Ca — Ba moBsicuiocs B cpenaeM B 1,6 pasa,
a npu ucnonb3zoBanuu Si—Ca—Ba—Sr — B cpentem B 2,4 paza. [IpuMeHeHne KOMIUIEKCHBIX MOIU(UKATOPOB MO3BOJIMIO IIPU CYLIECTBEHHO

MEHBIIEM PaCXoA€ KaJblUA MMOJTYYUTH HEJICBOC 3HAYECHUE OCTATOYHOIO KaJblHA B MapKPIpOBO‘iHOﬁ npo6e.

Katoueswle cio8a: tpyOHas cTajb, KOBIIEBas 00pab0TKa, HEMETATMIECKUE BKITFOUCHHSI, CHIIMKATHI Hele()OPMUPYIOIIHECs, MOTU(DUIINPOBAHUE CTAIIH,
CHJIMKOKAJIbL[MH, MUKPOKPHCTAIUTHYECKHE KOMILJIEKCHBIE MOIH(DHKATOPBI, YCBOCHHE KAJIbIIHsI
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[PU BHEHEYHOI 00paboTKe CTalli KOMIUIEKCHBIMH MOAN(DHUKATOPAMH C LICIOYHO3EMENIBHBIME METAIaMU. M36ecmus 6y306. Yephas memaniypeust.
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- INTRODUCTION

The continuously tightening of requirements with
regard to the quality of metal products has lead metallurgy
technologists to search for innovative solutions which
enable a steady high quality of metal to be obtained. In par-
ticular, much attention is paid to ladle treatment of melt
and selection of rational composition of modifiers which
enables the content of non-metallic inclusions (NMI) to be
reduced. The general principles of decreasing the NMI
level of steel deoxidized by aluminum are known [1 — 4].
Treatment of steel by calcium containing materials is
a common practice which allows metal to be refined from
the products by aluminium deoxidizing [5 — 8]. In this
respect, good results are also steadily achieved with
the use of complex modifiers with alkaline earth metals
(AEM) both in Russia [9—12] and abroad [13 — 14].
Nowadays much attention is paid to the use of strontium
as a component of complex alloy with AEM together with
calcium and barium. The promising potentials of this ele-
ment are confirmed both by the theoretical studies [15],
and by results of the pilot projects [16, 17].

The execution of certain contracts for pipe steel grades
at JSC “Ural Steel” requires compliance with higher
specifications (State Standard GOST 1778-70) in terms
of NMI points:

— in terms of oxides, sulfides, and brittle silicates
(BS) — not higher than 2.5 points regarding average level
and not higher than 3.0 points regarding maximum level;

— in terms of non-deformed silicates (NDS) — not
higher than 3.0 points regarding average level and not
higher than 3.5 points regarding maximum level.

However, upon steel treatment by conventionally used
silicocalcium SK40, the achieved performance of steel
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quality in terms of content of various NMI does not always
comply with the targeted values. Thus, in terms of non-
deformed silicates the inclusions content in the metal
equals in average 2.5 points, the maximum content being
4.5 points. These NMI are calcium aluminates of complex
composition. In order to decrease their sizes and content,
industrial tests of complex modifiers were performed
(Table 1). The technological parameters were verified pro-
viding maximum efficiency of their use.

The modifiers mentioned proved to be successful in
production of corrosion resistance, high carbon (wheel
steel), and structural steels under conditions of Tagan-
rog Iron & Steel Factory [18], OMZ Special Steel plant,
as well as in the course of R&D project of development
of production technology of sheet rolled products with
normalized level of corrosion active NMI in the electric-
furnace melting shop of JSC “Ural Steel” [19, 20].

The aim of this work is to develop a set of recommen-
dations on the technology of the ladle treatment of melt,
in order to reduce the content of non-deformed silicates

Table 1

Properties of experimental modifiers

Tabnuya 1. XapakTepucTHKA ONBITHLIX MOAU(UKATOPOB

Influence
Decrease in NMI
content, improvement of
mechanical properties

Name Description

Ca—Ba modifier
on iron silicon
base

INSTEEL®1.5

Decrease in NMI content,
preventing submerged
entry nozzle clogging
with aluminum silicates

Ca—Ba-—Sr
modifier on iron
silicon base

INSTEEL®™9.4
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(in terms of maximum level) lower than 3.5 points and
achieve targeted content of residual calcium together with
reduction of cumulative production expenses.

B EXPERIMENTAL

In order to solve the formulated problems, a series
of pilot experiments were performed on production
of steel, grade K52 —-K60, using complex modifiers
with AEM in comparison with standard silicocalcium,
grade SK40. Chemical composition of the modifiers with
AEM is summarized in Table 2. The composition of test
alloys with AEM was selected by the results of positive
experience of their use under various production condi-
tions, including those of the electric-furnace melting shop
of JSC “Ural Steel” [20]. Consumption of the modifiers
was determined on the basis of analysis of large scale lab-
oratory and commercial tests of alloys with AEM.

Table 2

Actual chemical composition of modifiers
(cored wire fillers), %

Tabnuya 2. XuMuveckuii coctaB Moau(puKaTopoB
(Hanmo/IHUTeJIel MOPOLIKOBOI NPOBO/I0OKH), Yo

In accordance with the pilot experiment plan, each
modifier was used for the treatment of more than 20 melt
heats of steel, grade K52 —K60. Melting and ladle
treatment of comparative and test melt heats were car-
ried out in comparison with valid process specifica-
tions. The steel was modified at steel vacuum degasser
(SVD) after deoxidizing by aluminum. Consumption
of modifiers in test melt heats was varied in the range
of 80 —100 % (of comparative variant with SK40) in
terms of overall AEM [20].

Sampling and assessment of NMI content in steel
were carried out in accordance with State Standard
GOST 1778-70 (method Sh6). Spectral microanalysis
and NMI assessment in sheet rolled products from steel
of test and comparative melt heats were carried out using
a JSM- 6490LV scanning electron microscope in combi-
nation with an INCA Energy 250 energy dispersion ana-
lyzer at 200x magnification.

[ RESULTS AND DISCUSSION

The main parameters of modification in comparative
and test melts are summarized in Table 3.

As can be seen from Table 3, the consumption
of INSTEEL®1.5 modifier according to several variants,

Element MOdIf;er - provided for the addition of AEM from 82 % (variant /)
Sl LINSIEIEIL S | NS T ELL 2k to 103 % (variant 3) of the basic technology with SK40.
Mg - 0.1 0.1 In the case of INSTEEL®9.4 modifier the amount of AEM
Al 1.0 1.0 1.1 supplied with the wire varied from 79 % to 90 %, respec-
Si 42.2 36.5 46.8 tively. Therefore, the modifier consumption provides
Ca 39.9 31.2 18.4 the calcium addition:
Ba - 22.8 10.4 —for INSTEEL®1.5: from 47.7 % (variant I) to 59.6 %
Sr - - 11.2 (variant 3) with respect to the basic technology;
Table 3
Average parameters of steel modifying treatment
Tabnuya 3. YepeaHeHHbIe NapaMeTpbl MOAH(UIHMPOBAHUS CTAIU
Modifying parameters (per melt heat)”
Modifier Variant Dl - YRED - ® )
of heats | consumption, m | filler consumption, kg | Ca supply, kg | AEM supply, kg
SK40 Existing 24 147.0 378 15.1 15.1
technology
1 6 104.0 23.1 7.2 12.5
INSTEEL®1.5 2 15 113.0 25.1 7.8 13.5
3 4 130.0 28.9 9.0 15.6
1 7 123.0 30.0 5.5 12.0
INSTEEL®9.4 2 9 131.0 32.0 5.9 12.8
3 6 140.0 34.2 6.3 13.7

* Melt heat weight: 120 t.
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Table 4

Assessment of contamination with nonmetallic inclusions of sheet metal according
to State Standard GOST 1778 (method Shé6)

Tabnuya 4. Pe3ynbTaThbl OllEHKH 3arpsi3HeHHocTH JincToBoro npokara HB mo T'OCT 1778 (meron 1116)

. NMI level, points, (min — max)/average
. . Sheet thickness, - —
Modifier Variant mm ID oxides brittle silicates non-deformed
(BS) silicates (NDS)
SK40 Existing 10-11/10.8 0.5-0.5/0.5 0-4.0/0.5 1.0-4.0/1.5
technology
1 10-12/11.0 05-05/0.5 0-25/0.5 1.0-40/1.5
INSTEEL®1.5 2 11-12/11.1 05-05/0.5 0-25/0.5 1.0-3.0/1.5
3 11-134/12.1 05-05/0.5 0-2.0/0.5 1.0-3.0/1.5
1 11-11/11.0 05-05/0.5 0-2.0/0.5 1.0-35/1.5
INSTEEL®9.4 2 11-16/12.1 05-05/0.5 0-2.0/0.5 1.0-3.5/1.5
3 11-20/12.5 05-05/0.5 0-15/0.5 1.0-3.0/1.5

R emark: other NMI types were not detected.

— for INSTEEL®9.4: from 36.4 % (variant 1) to 41.7 %
(variant 3) with respect to the basic technology.

The contents of NMI in sheet rolled products obtained
from slabs after comparative and test melt heats according
to several variants are summarized in Table 4.

Analysis of NMI content in metal (Table 4) demonst-
rated the following:

— substitution of silicocalcium with test variants
of modifiers decreases the maximum points in terms of BS
from4.0to 1.5 -2.5;

— maximum inclusions content of NDS decreased
from 4.0 points for standard technology to 3.5 points with
the use of INSTEEL®9.4 modifiers according to variants
I and 2; and to 3.0 points with the use of INSTEEL®1.5
modifier according to variants 2 and 3, as well as with

the maximum consumption of INSTEEL®9.4 modifier
(variant 3).

Therefore, the results of test melt heats and inte-
grated studies of metal rolled products demonstrated
that the metal produced with the use of INSTEEL® modi-
fiers was characterized by lower NMI content, in compa-
rison with the rolled products manufactured by standard
technology with the use of silicocalcium SK40.

As a final result of decrease in NMI content in steel
with the use of test modifiers, the main physical proper-
ties of metal rolled products were improved. The results
of mechanical tests of samples after comparative and test
melt heats are summarized in Table 5.

Table 5 shows that substitution of silicocalcium with
the test modifiers resulted in improvement of strength prop-

Table 5

Mechanical properties (State Standards GOST 149784 and GOST 945478) of sheet metal

Tabnuya 5. Mexannueckue cBoiictBa (mo 'OCT 1497-84 u TOCT 9454-78) sincToBoro nmpoxara

100

Modifier Variant Yield Iséjzlligh (Gy ) Ultimatle\]j::.;lg th(©,) izlg&;;fﬁt%?lgv[h;ig
SK40 tefﬁfgiziy 435 510/479.5 520 - 584/553.6 110 - 335/227.3

i 455~ 510/483.3 550 — 630/589.2 133 -270/217.4

INSTEEL®1.5 2 450 — 580/505.4 550 — 650/596.3 200 — 348/259.3
3 464 — 530/507.0 555~ 630/586.1 195 — 498/300.6

1 450 — 525/478.8 530 — 600/560.0 165 — 353/288.8

INSTEEL®9.4 2 450 — 540/505.0 530 - 610/573.6 193~ 353/274.5
3 455~ 550/523.3 540 — 630/590.6 240 — 358/289.5
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erties of rolled products both upon static tension tests, and
upon dynamic impact bending tests at lower temperatures.
The influence was observed in all variants of consumption
of the test modifiers. The increased consumption of modi-
fiers showing positive influence on mechanical properties
of steel has been also increased. However, the mentioned
improvement of properties can be attributed not only with
the use of the test materials, but also with other simulta-
neously acting factors. Therefore, it should be verified on
larger array of melt heats.

In addition to a decrease in NMI content, an important
parameter is the content of residual calcium after treat-
ment by the modifier. It is precisely this parameter that is
critical upon express assessment of the efficiency of this or
that composition of modifier under production conditions.
The content of residual calcium is an important factor in
providing stable conditions of casting (with minimum sub-
merged entry nozzle clogging), as well as the favorable
form and position of NMI in the structure of a workpiece,
especially with consideration of the possible reoxidation
process and decrease in oxygen solubility.

In this regard an important issue is the selection
of consumption of complex modifier, which allows metal
from NMI to be refined with high quality, in order to
obtain the required content of residual calcium without
increased expenses for steel treatment. In addition, a dis-
putable issue is whether the influence mechanism of cal-
cium and other AEM is more modifying or deoxidizing.

In the course of pilot experiments, in order to assess
the deoxidizing action of calcium during modifying treat-
ment, the content of active oxygen was measured before
and after metal treatment by silicocalcium using Heraeus
Electro-Nite equipment. The results demonstrated that
during high quality deoxidizing of melt by aluminum
the treatment by silicocalcium slightly decrease the con-
tent of active oxygen (by 1 —2 ppm). This is an indirect
evidence that calcium works to a higher extent as a modi-
fier than a deoxidizing agent.

Table 6 summarizes averaged contents of main ele-
ments in test and comparative metals.

Table 6 shows that the chemical compositions of steel in
comparative and test melt heats in terms of main elements
are comparable. The calcium content of steel sample from
tundish corresponded to targeted values approved upon
production of steel of these grades. Herewith, the content
of added calcium with the use of comparative and test
modifiers differed several times (Table 3). Steel casting
was carried out according to standard procedure at nor-
malized parameters of temperature and rate. No violations
were revealed upon casting and rolling of steel of com-
parative and test melt heats. No submerged entry nozzle
clogging was observed.

It is known that calcium recovery significantly depends
on slag composition before modification. Average basi-

city and FeO content in slag before addition of powdered
wire in comparative and test melt heats were comparable.
Furthermore, the slag parameters varied in wide range,
which allowed their influence on calcium recovery to be
analyzed (Figure).

Comparative and test melt heats with increase
in the slag basicity demonstrate a steady trend towards
the increase in calcium recovery degree (Figure, a). As for
the influence of slag oxidation degree (Figure, b) generally
characterized by FeO content in slag, then, in the region
of normal oxidation degree of 0.5 — 0.6 % FeO, the influ-
ence of this parameter on calcium recovery was not sta-
tistically noticeable. This can be observed in comparative
melt heats. In tests melts, there were cases of higher FeO
content in excess of 0.6 %, which influenced the decrease
in calcium recovery (Figure, ). However, even under such
unfavorable conditions, the calcium recovery in test melts
was higher than the results of comparative melt heats.
Therefore, FeO content in slag melt before modification
should not exceed 0.6 %. The confidence of the depen-
dences characterized by coefficients of determination (R?)
is at a sufficiently low level. This is related to the mode-
rate sample size and simultaneous influence of numerous
factors. However, the dependences obtained qualitatively
confirm the known theoretical regularities.

It should be mentioned that both average and maximum
temperature of treatment at SVD with the use of complex
alloys was higher than upon treatment by silicocalcium
SK40: SK40 — 1569 — 1633 °C (average: 1606.4 °C);
INSTEEL®1,5 — 1599 — 1648 °C (average: 1619 °C);
INSTEEL®9.4 — 1593 — 1650 °C (average: 1617.6 °C).
Comparative data analysis for melt heats at higher tem-
perature demonstrated that in this case the specific flow
rate of argon is higher, which can be attributed to the need
for adjustment of metal temperature before ladle transfer

Table 6

Content of the main chemical elements
in the steel samples from tundish, %

Taonuya 6. Cogep:kaHue OCHOBHBIX 3JIEMEHTOB
B MapKHPOBOYHBIX MPodax MeTasia, %

Modifier
Element
SK40 INSTEEL®1.5 | INSTEEL®9.4
C 0.0900 0.0900 0.0800
Si 0.3600 0.3600 0.3800
Mn 1.5600 1.5700 1.5300
P 0.0100 0.0110 0.0100
S 0.0020 0.0020 0.0020
Ti 0.0150 0.0140 0.0150
Al 0.0400 0.0360 0.0390
Ca 0.0011 0.0010 0.0011
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to continuous-casting machine. As a consequence, during
melt heats at higher temperatures, it is required to blow
metal after the end of modification with a higher intensity
and inevitable exposure of metal, accompanied by addi-
tional waste of calcium. The analysis of the data on pilot
campaign, shows a trend towards a decrease in calcium
recovery degree with increase in argon flow rate at SVD
from 0.08 to 0.10 m?/t and higher. Furthermore, blowing
by argon with a normal flow rate (up to 0.08 m3/t) and
intensity not causing excessive metal exposure and reoxi-
dation promotes the removal of NMI from metal. This is
further demonstrated by a decrease in the content of non-
deformed silicates in rolled products.

Therefore, despite the significantly lower content
of calcium added to metal with test modifiers and non-opti-
mum treatment parameters of SVD, the content of resid-
ual calcium in metal was at the level of comparative melt
heats. The mechanical properties of metal rolled products
were improved and the NMI content was decreased.

- CONCLUSIONS

The use of complex modifiers with AEM allows
the problems of modification at the consumption to be
resolved, thus providing cumulative addition of AEM
of 80—-90% of calcium content predefined according
to regular technology.

In the course of pilot activities, the calcium recovery
from Si—Ca-Ba modifier was by 1.6 times and from
Si—Ca—Ba—Sr modifier by 2.4 times higher in compari-
son with the use of conventional silicocalcium SK40.

The use of complex modifiers allowed the con-
tent of non-deformed silicates in steel to be reduced (in
terms of maximum rank) to a level lower than 3.5 points
under conditions of the electric-furnace melting shop
of JSC “Ural Steel”.

In the case of the use of complex alloys with AEM
the mechanical properties of sheet rolled products were
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improved both during tension tests and during impact
bending tests at lower temperatures.
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